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DESIGN 


FACTORS AND 
OF 


PERFORMANCI 
A 500 VA STATIC INVERTER’ 


CHARACTERISTICS 


W. STEFFE 


Abstract 


INTRODUCTION 
With ever incre 


gu dance system capabilities, the 


asing demands made on missile 
performance 


re uired of miussile guidance systems 


powel 


sources, such as inverters, also increases. The 


nt of higher silicon control de 


powel 
rs opportunities to design stati 
1 periormance superior to rotary 

* use of silicon devices also permits operation 
emperatures exceeding the limit imposed by 
manium. The design of a typical all-silicon 


inverter was undertaken in order to 


a particular requirement for a two phase 


inverter, and to demonstrate the degree of 
accuracy obtainable 

Basically, there are two different silicon 
devices available that are capable of the desired 
controlled rectinel 


Both 


advantages and disadvantages 


silicon 


performance the 
(SCR) 


types have thei 


and the silicon powell transistor 


and will be discussed in more detail 


[he silicon 
transistor approach was chosen because of its 
low distortion and less critical operating require- 
ments. The relatively high cost of the inverter 
reflecting the present high price of silicon power 
transistors, can be justified only in view of the 
performance obtained 

ORIGIN OF 


THE PROBLEM 


During the past years rotary inverter perfor- 


formance has been improved and | per cent 


* Work 
Air Force 


accomplished o1 AF 04(645)-19 for U.S 


voltage regulation is commonly obtained. Weight 


has decreased so that continuous ratings of 


1) VA/Ib are 


S00 VA capacity. Light weight has been obtained 


available in equipment with a 


only with the sacrifice efficiency. Efficiency 


lower than 50 per cent is quite common 
Static 


inverters were originally designed using 


germanium transistors. Efficiencies of 85 per 


cent are not uncommon in units comparable to 
rotary machines in weight. Regulation to | per 
nfortunately 
sink 


quan- 


cent frequently obtained. | 
maximum heat 


With 


available for 


germanium imposes a 
temperature around 70 ¢ limited 


tities of relatively warm alr heat 


sink 
sinks 
and space allowed, the use of germanium power 


is not particularly desirable in some 


this condition makes large heat 


| 
cooing 


mandatory. For the reliability required 


transistors 


missile environments. The frequently used 


switching designs also tend to become more 


bulky and less efficient as requirements are made 


more stringent by requiring lower harmonic 


distortion content in the output 


Recently, higher power silicon devices have 


become available on the commercial market 
The silicon controlled rectifiers with ratings up 
lo 50 4 


sently available 


and power transistors of 5 A are pre- 
Transistors with 20 A capabi- 
lities are expected late this yeal These devices 


sink 


100°C and still handle appreciable power 


can operate with heat temperatures of 


This 


paper concerns itself with an investigation of 


the feasibility of utilizing these silicon devices for 


static inverter use. It is intended to outline the 
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application of these devices and demonstrate 


the high degree of precision output control 


obtainable by the use of silicon power tran- 


sistors 


The precision performance required of the 


Static inverter described in report requires 


approach different from the appro: 


eguilal 


harmonic 
Input power 29 \ 


The in 
le IN 


and no 


erter must li 1 short ci 


10 SCU 


life of 


load conditions for up to 


without adverse effects upon the 


the unit 


dent 
element 


detector! 


(8) Phase displacement between the two phases 


to be 90 | 


The 


meeting ¢ 


work 


requirements 


effort was directed toward 


outlined above. but 


was made to establish the best charac- 


ybtainable. In order to obtain the 


required the output impedance 


tages must be lowered by means ol 


age control loop. The problem 


to properly sense the magni- 


Due to the wide 
' 


ature range specified the detector 


output voltage 


herently temperature insensitive if the 


be avoided. True 


thermocouples or U 


requirements bec: 


’ 
ics a 


Stages wiltl stortion 


iVoId CACCSS 


second approach was chosen 


at the detector and 


is therefore required 


ruon permissi 


CONTROL CIRCLUTI 


ck diagram of Fig. | serves to illustrate 


circuit operation. The loop gain is 


igh, approximately 60 dB, to obtain 


ow effective output impedance from the 


Ihe high degree of feedback causes 


the output voltage to be almost entirely depen- 


the the 


the 


upon Stability ol reference 


Both 


amplifier 


and detector circuits the 


circuit and the reference 
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l€ particulal 


and avd 


Detector 


requency respon 
outpul 


unction 


assure the best possib 


. ’ . > . | : ve) ’ , } > " ; > " 
er. The detecto meet wing listortion 


ements 


It must convert 


Fig. 2. Average detector with ripple cancelling circuit and temperature compensation 


Co = 2 | O-5R 
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full 


produces positive and negative 


requirements to a remarkable degree. A 
wave rectifier 
output voltages which are applied to a noise 
R2—C2 and R3 which 
serves as load on the otherwise unloaded negative 


R4 and ¢ 


with a 


cancelling circuit (RI-C1., 


rectifier) 3 combine to form an R¢ 


filter time constant sufficiently small to 


avoid phase shift within the response ol the 


control loop. Ripple voltages well below | pet 
cent have been obtained with a circuit pass band 
(45° point) of 50 cps. Temperature stability 
has been obtained by cancelling the temperature 
the rectifying diodes D1, D2, D3 


and D4 with the coefficient of DS 


coefficients of 
| he coefhic ent 
qiodes s 


of these approxin 


squares, the average voltage is effected differ- 


ently. During one half cycle of the fundamental 


the second harmonic goes through a full cycle, 


that is both a negative and a positive half cycle, 


with an average value of zero. A second har- 


monic therefore has no effect upon the detector 


output. The third harmonic swings through three 


half cycles during the half cycle of the funda- 
mental, and thereby produces two half cycles of 


opposing polarity with no net average value, 


] 
plus one | 


half cycle which can produce a change 


in the average value. The magnitude of the con- 


tribution is dependent upon the relative phase 


position of the harmonic. The maximum change 


value produced by | per cent third 





t per cent 
ntribution 


m.s. value 


0015 
003! 








170 mV ver the ambient range ¢€ 


This 
0-16 


diode location represents an error ol 


approximately per cent if not compensated 


With the use of temperature compensating diode 


D5. this 


{) (0? per 


error has been reduced to less than 


cent. Temperature and time stability 


are further assured by the use of high grade 


teflon capacitors resistors 


Ihe maximum ¢ distortion components 


in the inverter output can be analyzed rather 


easily for effects on an average detector. In ordet 
to demonstrate the maximum effect of harmonics 
upon the detector output an example will be 
used. To a pure sine wave of magnitude 100 \ 
second 


While 


voltage is very small, 


distortion will be added, | per cent 


harmonic and | per cent third harmonic 


the change in the r.m.s 


given by the square root of the sum of the 


s one third of | per cent. This reason- 


extended to show that even har- 


ve no effect upon the average value, 


harmonics have maximum effects 


reduced magnitude by the order of the 


harmonic. To arrive at a figure for the maximum 


error to be expected from the average detector 


the theory outlined above was applied to the 


distortion spectrum typical for a high power 


amplifier. The results are shown in the table in 


Fig. 3. A constant distortion will cause a cali- 
bration error only, and may therefore be adjusted 
out. If the distortion varies, due to loading, 
environment or supply conditions, a | per cent 
total harmonic distortion change can produce up 
to one third of | per cent change in the output 
of the average detector, and therefore, in the 
It is assumed here that the 


inverter a.c output 
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distortion distribution remains approximately 


as shown in Fig. 3 and that the relative phase 
position of the harmonics is the worst possible 
A factor of this magnitude can certainly not be 
neglected if tight regulation of the r.m.s. value ts 
required. Total harmonic distortion of | per 
cent appears to be the desired maximum limit 
to meet the voltage regulation requirement of 
With | per 


variable 


plus or minus 0-3 per cent cent 


maximum distortion, the distortion 


will be less than 0-5 per cent as 


components 


indicated by test results. This will produce a 


maximum regulation error of 0-15 per cent from 


this source. If properly analyzed, a corrective 


signal may be derived from the distortion 


components. This approach was not chosen here 


because of its additional complexity 
As shown on the block diagram (Fig. 1), the 


detector output is fed into a high gain compen- 


sated d.c. amplifier, with a reference amplifier 


as the first stage. The reference amplifier must 


produce an output signal directly proportional 
to a deviation from the nominal detector output 


voltage. To accomplish this a selected type 


3N44 reference amplifier is used. The guaranteed 


temperature coefficient of this commercially 


available unit is 0-002 per cent/ C. The unit 


reference 


sink. A 


voltage 


consists of a transistor and a element 


mounted in a common heat constant 


collector current requires a from the 
element 


This 
0-002 pel nt) ¢ 


base to the low side of the reference 


varying by not more than 20 p.p.m./ ¢ 


temperature coefficient of er ce 
results in approximately 0-17 per cent error for 
the full ambient range. Proper packaging can 
reduce this figure. For very tight voltage control 
some form of temperature control is required 
The d.c. gain of the reference amplifier is ap- 
proximately 100 V/V. The reference amplifier is 
followed by a temperature compensated two- 
amplifier with high input impedance 


of 20 V/V. A 


reference amplifier 


Stage d.c 


and a gain feedback network 


around the and the dc 
amplifier introduces the response curve shaping 


required for stability of the voltage control loop 


Ihe band width of the reference amplifier and 


d.c. amplifier loop, closed, is approximately 


0-Ol cps. The complete voltage control loop 


CHARACTERISTICS OF 


500 VA STATIC INVERTER 5 


reaches unity gain at 12 


of 45 


shown in the block diagram is a fairly conven- 


cps, and a phase margin 
is maintained at all times. The chopper 
tional switching transistor application followed 
by an emitter follower which drives the filter 
The filter produces 0-15 per cent total harmonic 
iO Vv 


input and 2-9 V r.m.s. output. Stability require- 


distortion at peak-to-peak square wave 


ments for the chopper, filter and power amplifier 
are not very severe because of the large gain 


isolating these circuits from the reference voltage 


within the reference amplifier. Distortion speci- 


fications and voltage gain requirements for the 
power amplifier have thus been established by 


the configuration of the voltage control loop 


POWER AMPLIFIERS 
While developing the voltage control circuit it 


became apparent that difficulties would be 


encountered silicon controlled rectifiers 


using 
in the power output stages. Inherently the output 


distortion of a silicon-controlled rectifier power 


stage tends to change with load, due to loading 


circuits, and due to methods which 


he filter 
have to be employed to obtain output voltage 


regulation. Regulation is obtained by changing 


the conduction angle of the silicon controlled 


rectifiers. This changes the distortion components 


entering the filter. A filter designed to reduce the 


variable input distortion, while supplying a 


variable load, to a point where the total change 


in the output distortion is less than 0-5 per cent 
tends to be complex and bulky. Class B amplifiers 
can be designed to meet the distortion require- 
ments, but due to the inherent nonlinearities of 


the silicon power transistors, power amplifiers 


| per cent distortion significant 


Class 


One of the 


with present 


problems B amplifiers are also rather 


inefficient primary objections to 
class B amplifiers in static inverters arises from 
problems in 


Relatively 


inefficiency causing dissipation 


germanium power transistors low 
maximum heat sink temperatures are therefore 
dictated if germanium transistor class B ampli- 
fiers are used. Fortunately silicon power transis- 
capable of dissipating considerable 


100°C sink 


In order to decide on a particular power amplifier 


tors are 


power even at heat temperature 
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to be used, a number of configurations were 


investigated with the assistance of digital 


computer facilities. The particular configuration 
chosen combines reasonable simplicity with low 
[he 


class B 


distortion and fair efficiency theoretical 


maximum efficiency of a amplifier ts 


4 and may be derived as follows 


In practice saturation resistance. transformer! 


losses and power taken by the driver stages will 
Designing for a 


25-29 \ 


reduce the theoretical efficiency 
gives a 


This 


supply voltage range such as 


nominal £s larger than the minimum / 


again lowers the efficiency 


[he amplifier designed for the static inverter 


The 


explained with reference to 


generates a sine wave in three time intervals 
operation will be 
the block diagram in Fig. 4. A low power output 


Stage conducts from zero degrees ol a sine wave 
cvcle 


For 


powel 


until it approaches saturation at an angle ¢ 
let 6 be 30°. The 


Slage 1S 


illustration 


pul py ses Ol 
this low-powered 


ola 


coupled to the load by means transformer! 
\ For 
At the 30 


approach / 


this example let NV, equal 
point the output voltage will 
When the lower power 
voltage 


s within a predetermined small 


this stage 1s switched 


main power Stage 1s turned 


will approach satura- 


therefore / 
L8O 


voltage 1s 


At 90° the 


[he process is repeated in reverse from 90 


outpul 


generating a sine wave at the output terminals 
the 


By proper selection of the gairs in two 


amplifiers, nonlinearities in the output stages 


can be minimized. An improvement in efficiency 
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over a class B amplifier is achieved and can be 


computed as follows 


(/, sin @ 


Ethciency 


Fig. 5 presents an eval 
by using equation (2). An additional 
the class B amplifier efficiency occur 


oltages other than 


Fig. 5. Theoretica 


power amplifier will approach saturation regard- 
less of supply voltage. The maximum swing of 
this amplifier is not controlled by the output 
voltage. The efficiency at which the low power 
amplifier operates is therefore independent of 


supply voltage and is maintained at maximum 


CHARACTERISTICS OF 


500 VA STATIC INVERTER 7 


Short-circuit protection for the main amplifier 
is obtained automatically because the switching 
circuit will not supply drive to the main amplifier 
unless an output voltage of proper magnitude is 
present. During a short-circuit condition the 
main amplifiers will, therefore, never be turned 
on. Additional linearity and phase stability is 
feedback 


obtained by the use of negative 


around the entire amplifier. Approximately 
24 dB of negative feedback are used in each of 
the power amplifiers of the two-phase static 
illustrate the 


Much more 


proper 


inverter. Only sufficient detail to 


concept presented here 
volved in order to 


nit 
i 


a actual UTLIt 


CHARACTERISTICS 


invertel Wa 


PERFORMANCI 


Performance < he static 


valuated in tern a single-phase loop and 


1 two-phase complete circuit. The single-phase 


loon 


to evaluate the action 


was used primarily 
of the control circuit. Regulation and distortion 
versus load power are plotted in Fig. 6. Voltage 


regulation within | per 


cent we 
Exposure to a tempera- 


lOO ¢ 


ess than 0-2 per cent 


Irom zero t 


range 2 to resulted 


voltage 
f O-85S°C at tl 


the temperature range e 


yntrol unit. with IO00-C at heat sink 


within per cent were obtained. The 


two-phase inverter was built with a single control 


oop regulating the average ol the two-phase 


voltage as outlined in Fig. 7. This configuration 


trol 


was chosen to eliminate the bulk of two con 


Due to the load unbalance specification 


lLOODPSs 
limiting the maximum unbalance to 10 per cent 
for the particular application, voltage regulation 


than 0-3 per cent was obtained for the 


better 


yi 


requirements outlined. Overall efficiency of the 


two-phase inverter ranges from 67 per cent 


maximum, at rated conditions and minimum 


supply voltage, to 60 per cent nominal and 


cent minimun at maximum 


As shown in Fig. 8, output distortion of 


55 per 
voltage 
the smaller amplifier remained relatively con- 
stant between 0-4 per cent and 0-6 per cent for 


the specified load range. The phase A amplifier 


distortion increased as load was decreased 
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SPREE eee ee ee 


“a 
Y 


-. 
—_ 


ee —— 


single control loog 
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A large power factor correction capacitor which 


was permanently connected to the amplifier 


caused overloading of the lower power section 


of the amplifier as the effective 


power factor 
shifted due to load reduction. Individual powel 


factor correction of load sections would eliminate 


this problem. The effect of supply voltage 


variations from 25 to 29 V d.c. was negligible 
Supply voltage variations also effect the distor- 


tion less than 0-1 per cent 


CONCLUSION 
undertaken to provide 
supplying precisi 
operating 100°C heat sink 


temperature, and t est the degre 


. ' 
I U ~ 4 


ft voltage 


regulation obtainable. Distortion figures below 
| per cent and regulation to O-l per cent can be 


obtained for specific loads. The voltage control 


loop outlined in Fig. | has been refined and 
| 


temperature controlled for use in a low powel 


Fig. 9. 220 W single phase static inverter laboratory model, side view 





10 W 


(10 W) high-precision supply. Output 


stability better than —0-025 per cent has been 


obtained during several hundred-hour test 


periods. Maximum power per phase for static 


inverters of the type outlined in this paper is 


mited by the silicon power transistors available 


voltage 


STEFFE 


the-art and will become available as 


20 A 


quantity 


soon as 


silicon transistors become available in 


The 500 VA two-phase unit constructed 
with the use of 5A silicon transistors weighs 


approximately 17 lb. This weight can be reduced 


with optimized transformer designs. The unit ts 





— 





Fig. 10. 200 W single phase static inverter 


50 W per phase can be obtained, without paral- 


leling of transistors and using commercially 


available units. 20 A units which are scheduled 


to become available late this year will make 


phase powers of 200-250 W per phase possible 
A 225 W 


ampliher was constructed with prototype 20 A 


in a very small light weight package 


silicon power transistors and was found to be 


very successful. Very accurate, rugged, light 


weight, static inverters of up to 600 VA at 


70 per cent power factor for two-phase and 


| KVA for three-phase are within the state-of- 


top view with laboratory heat sink 


somewhat bulky due to the use of parallel output 
With 


transistors 


transistors the present cost of silicon 


power! the design is applicable only 
where precision performance and temperature 
requirements justify the high cost. As the state- 
transistors 


The 


design outlined in this paper promises to be very 


of-the-art advances in silicon power 


cost of units will no doubt decrease 


the 


usable in the smaller guidance systems and 


similar devices of the future that require power 
supplies with limited power requirements and 


greater precision 





A PRACTICAL SOLUTION TO THE ARCING PROBLEM 
AT HIGH ALTITUDES 


BRADLEY R. SPINK 
Plug D yeneral Mot 


Abstract— Mal! 


INTRODL CTION pitt: vhich mi encountered whe 
in 1956 AC Spark Plug | rtook 1 ] [ } I use at altitudes wher 


design, develop anc and to suggest tl 


might be taken if tl 


nertiial guidance 
missile. Less than 


Stages ( flight 
expected at this pha DESIGN PHILOSOPHY 


\ portion of these problems was traced to arcing e of the considerations in the design of tl 


in the guidance equipment at the higher altitudes inertial guidance system for the Thor was 


In spite of the considerations given to the ; review of Paschen’s law in order to determine the 
tude problem in the original package desi; conditions required | arcing and thus avoid 


and in spite of the design verification tests pe them in the design le this law states that 


formed in the environmental laboratory, e {f the arcing voltage for an electric field is a function 


the systems manufactured up to that ttme wasa_ of the product of the gas pressure and 


potential failure in flight unless rrective distance betwee are conductors. Figure 


I t 


action was taken is a curve illustrating Paschen’s law, showing 


Ihe objective of this | , it tl the breakdown voltage air in a uniform field 


Fig. |. Breakdown voltage in air-uniform field (approximate) 


11 





It can be seen that with a decreasing pressure-gap 


distance product, occurring as the missile 


attains altitude, the potential required for arcing 
decreases, approaching a minimum at 


With a further 


potential required for arcing rises 


also 


327 \ 


increase in altitude, the 


The curve is useful in two ways. (1) It reveals 


the fact that if the voltages in the equipment are 


kept low enough, arcing cannot occur at any 





~ 


Fig. 2. Unpotted power supply show ng hard packaging 


altitude. (2) If the voltages are above the mini- 
mum required for arcing, the critical altitudes can 
be determined from the known gap distances in 
that distances 


the equipment. Assuming 


between 2 mm 


gap 


and 20mm cover all of the 


practical situations, the critical region for arcing 
would then lie roughly between 100,000 and 
200,000 ft, a range in which the guidance equip- 
ment would be performing its function during 
the flight of the missile 

No difficulty with arcing was anticipated in 
The highest 
270 V d.c. It 


black 


the system which was designed 


voltage used in the equipment is 


was also felt that the components o1 


12 BRADLEY R. SPINK 


boxes making up the system would be at least 


partially sealed simply by the nature of their 


tend to entrap the 


This 


ground atmosphere and cause a sufficient lag 


construction would 
in the lowering of internal pressures to complete 
the short flight time involved 

The containers 


design of the component 


incorporated “hard” packaging in some cases 
Hard 


packaging is a scheme in which the parts and 


and “channel” packaging in others 


assemblies are directly mounted on the walls of 


Fig. 3. Unpotted stabilization electronics showing channel 
packaging 


+ 


the box (Fig. 2). In a channel package (Fig. 3) 


the parts and assemblies are mounted on H- 


shaped aluminum extrusions which in turn are 
directly to the base and cover 


bolted casting 


plates of the container. The connectors and the 


covers employ flat gaskets for sealing to the 


containe! 


THE PROBLEM 


REVEALING 
Prior to testing, altitude 


flight 


performed on assemblies including the maximum 


tests were 
equipment possible to fit into the limited space 
na bell jar (Fig. 4). A bell jar was used because 


it was the only facility available at the time which 
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was in the 


Although these tests 


capable of simulating altitudes 
critical region mentioned 
because no 


had 


were judged successful arcing 


occurred, the bell jar facility several dis- 


advantages. Each of the black boxes practically 
filled the 


bell jar, creating thermal problems 


ARCING PROBLEM AT 


HIGH ALTITUDES 13 


drawn from the bell jar tests were that arcing 
potentials did not exist in the equipment. When 
it later became apparent that arcing problems 
flight, it 
that better facilities and test techniques would be 


at a > did exist in was realized 


needed in order to simulate the flight conditions 


La | TEST NO 10-504 


cH 
FER 


Fig. 4. Bell jar facility 


when the equipment was energized for any 


prolonged period. To solve this problem the 


components were energized only at discreet 


intervals of pressure during the test runs. It 


now seems probable that many critical pressures 
were passed by where arcing might have taken 
place had the equipment been energized. Further- 
more, since the bell jar had only a small number 
of external connections, the components could 
not be completely energized during the tests 
Generally, the components were tested with thei 
covers off and with one or more representative 
circuits energized at normal operating voltages 


and under static operation. The conclusions 


in the laboratory and to verify any modifications 


incorporated in the equipment to prevent 


nalfunctions 


ATTACKING THE PROBLEM 
It was determined that testing of complete 
fully 


conditions, 


systems, energized and operating under 


dynamic would be the only satis- 


factory way of proceeding. Consequently a large 


altitude chamber was prepared for testing equip- 


ment up to 200,000 ft (Fig. 5). The first system 


tests in this chamber indicated that several 


areas of trouble existed. Some of the places 


where arcing occurred were between pins on 
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Fig. 5. High altitude chamber 


tubes, at the base of the tube sockets (Fig. 6), 
between connection points on terminal boards 
(Fig. 7), and at output transformer and magnetic 
amplifier terminals 

The next step was to initiate pressure leak tests 
on all sealed components. These tests were 
conducted by adding Schroeder valves to the 


components and then pressurizing the closed 


components to 2 atm. The return to room 


pressure was timed. The test criterion was that 
the leak rate should not exceed 3 p.s.l. In the 
first 5 min. The initial tests showed that the boxes 
leaked so fast that the initial 2 atm could never 
be reached by pumping. These boxes rather than 
being sealed, reacted much like sieves. If there 
had been time for a complete package redesign, 
a simple, positive seal of the containers would 
have been accomplished by attaching all internal 
assemblies to the box in a manner to eliminate 


the need for bolting from the outside, and by 


Fig. 6. Arcing between pins on tube 
'’ a 2: avoiding casting shapes where numerous cored 
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Fig. 7 Arcing on terminal board 


sections in the casting could cause porosity of the 
metal itself. By these means the sources of possible 
leaks could be reduced to the covers and con- 
nectors. The covers would be sealed with “O” 


rings embedded in a groove in either of the 


mating parts. The main advantage of this type of 
construction over the flat gaskets now employed 
is a metal-to-metal contact enabling proper 
torques to be applied to the fastening screws 


This 


covers during vibration 


would prevent loosening of screws o1 


BFR type bulkhead connectors would be used 


series E connectors presently 


BFR 


connector being a thread mounted type would 


instead of the 
used. Although both are gas tight, the 
eliminate the need for four attaching screws and 
thus remove many potential leak spots. These 
connectors are also equipped with an “O” ring 
which has proven to be the most effective type 


ol seal 


Since a redesign could not be undertaken and 


effected in time to meet flight commitments, 


immediate steps were taken to correct the 


problems with the existing equipment 

The most critical leaking occurred at several 
hundred screw holes through the boxes where 
internal assemblies were mounted, or where 
connectors were attached. Substituting Tuff-Tite 
sealing screws, a type of screw utilizing a plastic 
cap seal, for the original screws provided a 
been 


rings in place of the flat 


suitable fix in this area. It would have 
desirable to use “OQ” 
gaskets on the covers, however, there proved to 
be an insufficient area on the flange surface to 
allow a groove to be cut 

occurred 


This 


was the one place where a hard connector was in 


Another location at which 


was at the connector of the torque exciter 


arcing 


use. This connector was not designed for high 
altitude use but could not be replaced because the 


same torque exciter was also used in other 


projects where this type of connector was 


required. A manufacturing problem was involved 


wherein destruction of standardization would 
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result in an impractical outlay of money. There- 


fore, it was necessary to develop a method of 


The 


was to insert a soft rubber gasket over the pins 


sealing to provide protection final result 
This gasket was made thick enough to assure 
making contact against the hard inserts of the 
connector when mated, thus providing a reason- 
ably air-tight seal 

Subsequent static leak tests indicated that all 


the modifications made most 


were t 


cases no drop 
several hou 
nad 


tne | 
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entire 
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simply tf 


However, suc 


because 


encapsulatio! 


added weignt of complete encap- 


i 
ana 


exposed leads 


sulation could not be tolerated. and because 


repair and maintenance of the equipment would 
be seriously impaired 


In view of these considerations the “thin 


coat cover” technique was adopted and applied 


only to those areas which were considered 


critical to the arcing problem. A 


complete 


wiring analysis where 


determine 
275 \ Or 


distances of | in. or 


was made to 


potential differences of could 
That 


point 


more 
occur at gap less 
as a standard at this 


397 \ 


easonable margin of 


laken 
indicated by Paschen s law 
Safety. sin 


It Is 


deal conditions assumed for 


hold do not exist in actual 


lowing reas and 


these 
ncident 
nnectuion 


hed and 


without 


would 
30 V on 
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problem 
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uted 


sed on 


7 


acLlors 


€ (Fig 
istic RTV-SOl 


MoO the desired 


rubberlike material 


This 


accomplished by removing the 


Snape 
the terminals. damming the local 

with tape 
filling until the terminals and the 


were covered by at least Lin. of 
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Fig. 8. Partial encapsulation of power supply 


the potting material. Approximately 8 h 


room temperature is required for this material 


to set before the dams can be removed. In cases 


where only one terminal was to be covered, the 


most effective material for this purpose was 


found to be a 1:1 mixture of Silastic RTV 


-5302 


and -5303 applied so as to cover the terminal 


and exposed lead wit! in. coating (Fig. 9). In 


handling the problem with tubes where the 


capability of removal had to be retained, a 


silicon grease was applied § in. thick over the 


entire tube base so that when the tubes were 


reinserted there would be no chance for air to 
reach the pins (Fig. 10) 


That these covering techniques alone would 


have proven effective has been demonstrated 


repeatedly in the altitude facility where tests 


were run successfully with the boxes 


While 


found to be equally effective, these had charac- 


open 


other cover material might have been 
teristics which were particularly suited to the 
problem. Primarily they covered well, in contrast 
to other materials such as varnishes and shellacs 


which had a tendency to flow away from sharp 
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edges and points no matter how many coats 


were applied. The fact that the material finally 


used would set at room temperature was a 


that 
oven curing at high temperatures, and in the 


decided advantage over some required 


process caused damage to insulation and 


assemblies. Finally, although adhering well 


these materials are easily removed should repair 


of the equipment become necessary 


Approxi- 
mately 165 separate areas required covering. It 


is needless to say that good workmanship 


practices must be maintained if these procedures 
are to be depended upon as a reliable backup for 


sealing. If any of these areas were to be in- 


advertently left uncovered, either completely 


or partially, a catastrophic failure would almost 


certainly result in flight should the component 


seal become ineffective 


CONCLUSION 


To sum up, it should be remembered that if 





Fig. 9. Partial encapsulation of stabilization electronics 
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steps are taken in the beginning to assure positive 
and tf 


I black 


eliable sealing ol 


boxes there is no 
urther need to be concerned with encapsulation 
al potting techniques. However 


a% 
where protect 


in a 
‘Ss are taken al 


10 possibility of 


error 
ter 


dependency 


nsure that 


arcing in 





INERTIAL COMPONENTS TO SUPPLEMENT 


IN SPACI 


CHARLES 
I 


Abstract 


This 


problems that will arise 


paper Is concerned 
equipment for 

Earth to Mars, and 

can be utilized t 
More specifically 
th 
and not with tl 


flight 


paper with 


is concerned 


the nature of e errors in the guidance equip 


ment itself le Optimal choice of « 


This offers 


unusual difficulties in two respects. (1) Astrono- 


trajectory for such a 


which used in describing the 


th 


mical units 
of 


relationship to Earth units to | part in 


al 
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motion e planets are uncertain in thet 


2000 
of 


result distance 
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Mars diameters the launch velocity were 
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conditions 


in units Gravitational 
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system 
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the dynamic cutofl 


in 


astronomical! 


a distance sufficiently 
Moon 
| the i arth 


ir 


removed trom the System so 


; 


the gravitational ¢ 
consequence 
The 


mical 


only system which measures in 


astrono- 


units 


a celestial system. In addition to its 


capacity to measure in astronomical units, the 


astro is self-contained, does not depend 


upon its adjacency to the Earth for measurement. 


and does not involve the complexity of a rapidly 


rotating Earth-fixed base line 
\ 


sufficient 


position measuring 


7 
\ 


I 


system alone is 


no 


to attain the required 


it 1 


precision 
that 
which measures the guidance 


'?) 


guidance. Therefore, assumed 


S 


an 
inertial system “ 


correction acceleration is used to supplement the 
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The inertial system measures 


celestial equipment 
small changes or is calibrated in trajectory by 
the celestial components and, therefore, its 
calibration tolerances are not of major concern 


It can be assumed that the guidance regimen 
The first is concerned 


is divided into two phases 
gravity 


f the vehicle le 


with the escape o from tl 
tl Earth 


il] guidance 


e and reasons already 
pointed oul a cannot be aceon 
secon 


ruldance 


‘locity to | 


lavigator detern 
of velocity and p 


osition 
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measurements of vehicle position accurate 


certainly to 4000 miles and probably to 40 miles 
can be established based upon the near planets 


A substantial sequence of such readings, along 
with the time when they are taken, are obviously 
necessary to establish the trajectory with sufficient 


precision to meet the guidance requirement for 


1 collision course to Mars 
MS in another way. a lag exists 
me when the data are first sensed 


» 
e when the position and velocity of 


re Known Will cient accuracy 
tion velocity of the 


quality 
{ smoothing time 


be 


of the 


) 


lese Curves can readily 


i Gaussian distribution in 


ming 


easurement and then fitting the 
uugh the data by the method 


rin the guid- 


\f Nosit 


sequence of | 


un 


he vehicle has 
position three 


position of the vehicle 


rent techniques of tracking 


attained. This can 
m by a factor 


be I pro\y ed 


future 


background 


planets angularly 


neal 
comparison IS 


Slal 
Thus, 
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ocate the 


planets 


Is computed 


ion 


stabilizati 


ir pickoffs, results accurate to 10 sec of 


1 probably 
oT 
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idividua 


passed 
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Known planetary constants 


Wit! 
and 


Ss. error in position measurements, 


in the 
n readings smoothing 


petwee 


100 if 


to 
[his situation is only true when the vehicle is 
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dynamically under steady-state conditions, that 
is, when no thrust ts being supplied to change its 


energy state. Then such smooth-data celestial 


techniques as have been described will serve 


amply to affirm the trajectory through which 


the vehicle is traveling. However, when the 
trajectory is in the process of being corrected 
the smoothing lag required to ascertain when a 
obtained will 


The 


level required to obtain the necessary 


sufficient correction impulse is 


give rise to one of two problems thrust 


impulse 


| | ‘ 
will be limited to sucl low value that the fuel 


expenditure required to make the correction will 


increased o1 


be materially the error uncertainty 
fall 
required for guidance 


Fig 


velocity 


will not within the tolerances of accuracy 


This can be seen from 


The error in celestial measurement of 


(curve A)—the critical parameter in 


How- 


ever, during the smoothing interval, the thrust 


guidance—decreases with smoothing time 
alters the velocity of the vehicle at a rate propor- 
tional to the thrust magnitude. Thus, obviously, 
for low thrusts, the rate of increase of position 
B) is 


lower than that for higher thrust (curve C), so 


uncertainty due to the low thrust (curve 
that a longer smoothing time can be utilized in 


the low thrust case because of the longer time 
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it takes for dynamic errors to exceed the threshold 
of the smoothing errors 

[he primary attribute of inertial sensors in 
space guidance is the capacity to instantaneously 
sense changes in the dynamic state of a vehicle’s 
motion. Conversely, position 


sensors must 


accumulate data for a long smoothing interval 
before an accurate measurement can be made of 
the change in dynamic state. Unfortunately 
inertial sensors cannot directly measure position 
and velocity in space navigation but must extra- 
polate these measurements from an accumula- 
As a 
result of extrapolation errors, plus the change in 
Earth 


between the 


tion of acceleration history of the vehicle 


scale factors and inter- 


planetary space, the accumulated errors eliminate 
the possibility of using pure inertial systems for 


precision guidance. Thus steady-state measure- 


estab- 


ments of velocity and position must be 


lished. by direct measurement such as with the 


Star tracker, while the high-frequency informa- 


tion can be derived from an inertial extrapolator 
The ‘stion then arises of 


will optimally combine the informa- 


now to design a 


whicl 


filter 


two sources 


tion from the 


nature he filtet the one hand, ts 


The 


dependent upon the errors of the inertial 


navigator: and these errors, in 


turn, depend 
upon *> type of degradation in performance 


caused thrust profile on the various 
components 


The 


have 


accelerometers of an inertial navigator 


three types of errors—bias, scale and 


linearity. All of these factors combine to cause 
errors which increase with the time duration of 
applied thrust (see Fig. 3). However, the thrust 


profile has a materially different effect on the 


rate at which these errors are generated. Curves 
| ol 


the bias error expected from the accelerometer 


Fig. 3 show that. as the thrust increases, 


diminishes. On the other hand, the scale errors 


of the accelerometer are independent of the 


applied thrust as shown in curve B, while the 


linearity errors increase with applied thrust as 


shown in curve C. The optimum thrust profile 
for the accelerometer then is obtained when the 
thrust coefficient for the bias error is equal to the 


thrust coefficient for the linearity factors 
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In this type of system, because of the long 
eflect as an accelerometer 


scaling error of 
10 


dynamic smoothing of celestial data 
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In genera- 
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frequencies, but also as a short-time extra- 


polator which derives the gravitational accelera- 
tions to establish its effect in the system in the 


Short-term position computation. Further, the 


space navigator must recalibrate the scale of 


the accelerometer. which was initially calibrated in 


the ft Earth rather than in the ft/sec? of 


astronomical space. This 1s accomplished by the 


nputer which slowly 


gravity correction CoO 


" . } " ‘ litiins 
ie! I scale Dased upon the diffe 


hes acceleromete 4 en 


between the smoothed value of acceleration and 
the sum of sensed and computed accelerations 

The operation of the filter can perhaps be 
seen a litthke more clearly if accumulated errors 
are regarded as a function of smoothing time in 
the time plane rather than in the frequency plane 


Fig 5 


smoothing 


shows a plot of terminal errors vs 


time. Since the terminal error ts 
inuch more sensitive to velocity than position 
the positional errors can be neglected completely 
Curves A and B represent, respectively, a 4000- 


mile and a 40-mile error in the position fixes, 
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that 100 sec are required 
to make a complete position fix 


As the 


constantly 


where it is assumed 


increases, the noise 


smoothing lag 


dec I Cases 


provided that the vehicle 


is dynamically in a steady-state condition during 


the smoothing interv: 


lifted if inertial elements are included 


system to sense and compensate I 
Stant thrust 


changes. On ; on 


Yr mel 


any configuration of celestial-inertial equipment 


there is an optimum smoothing time determined 


by the cross-over from domination by celestial 


domination by inertial error. If the 


error to 


filter cross-over is placed at this point, this 
particular system is optimized 

In considering the general question of optimi- 
zation of the filter design, in addition to the 
inertial system itself, the thrust profile plays an 
important part because the accelerometer errors 


are closely related to the magnitude of thrust 


which they must measure. This places two bounds 





24 CHARLES J 


upon the thrust profile—a lower and an upper 


In the lower bound, the applied thrust must be 


IS accom- 


sufficiently high so that the correction i 


plished in at least the first half the flight so 


that the fuel requirements are not excessive. In 


the upper bound, the applied thrust must be 
sufficiently low so that the correction 
accomplished before the cel 


to pass through the 


time } 


these bounds. thet 


materially 


different 1 


thresho 


OT 
level of 
profile |! 


over p< 


mnearity eri 


thrust the 


nd B 
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represents a 10~° ft/sec bias error. There are two 
parameters which can be varied to improve the 


of filter system 


thrust and smoothing time 


dynamic 
In 


f the thrust duration 7 


performance the 


the case of the 


scale error, 1 is extended. 


the erro! at termination remains constant 


equals the velocity correction) 


is less than 7, t 


0-001 (where | 
At 


rrot! c 
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any time t 


O-OOl | 


re the astrotracker can measure 
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accuracy is assumed initially equal to 0-1 per 


cent, using a thrust duration of 4 days, an 


initial error of 3000 ft/sec and a filtering time of 


> 


3 10* sec, the system error can be reduced 


to one part in 10° of total velocity. This is more 


than sufficient for a Mars flight provided no 
outside perturbations are present 

If the case where the astrotracker can measure 
position to an accuracy of only 4000 miles is 
taken, the 


approach the duration of the 


would ni > 10 
flight 
While some 


thrust duration 
before a 


correction could be accomplished 
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improvement can be achieved in the velocity 


measurements in this case, it is doubtful that a 


sufficient amount can be realized to make an 


adequate correction at an early stage of a ballistic 
flight 
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These values diffe h pe nt struct 


upling tween bending 


The 


damping because of cx 
dynamical resonant 


Be de pl 


and other 


peaks in t 


instability if 


tney 
tude (zero dB) and have 
not desirable 


shift 


to depend on contr 


characteristic at the higher bending fre- 


quencies since it is difficult to predict all the 


higher order dynamical effects that may influence 
the system phase shift significantly in the fre- 
quency range of interest 


The 


obviate 


proposal advanced here is designed 


al 


resonant peaking by inserting damping into the 


or least alleviate the problem of 


bending modes. This is done by sensing missile 


and trolling a swivel thrust 


LU! 


the angular rate. The rate gyro and 


] 
14 


cated at the same 


ly 


de a suitable location iroma 


troller should be 


ie missile. Usua the n nose 


theoreti- 


point of view. An analysis of the efficacy of 


this arrangement follows 


+ 


2. Stability of Auxiliary Loop 
take 


Then the open auxiliary loop transfer 


Consider the auxiliary loop only and 


fF 


function is formed as follows 1e rate 


gyro Output is written as (see Fig. 4) 


sl (2.1) 


Adopting the notation of Ref. (4), @ is the rigid 
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> ms 


missile angular deviation from an_ inertial 


reference, ( is the angle a gyro located at station 


along the missile senses due to the structural 


bending. swivelling engine and sloshing effects 


Neglecting sloshing, aerodynamics and coup- 


ling to the main engine from inertial reaction 


forces, the following approximate relations 


result (the computer solution does not neglect 


these effects) 


Structural damping ts neglected er 


equation (2.3). Using expressions (2.2) and (2 
in equation (2.1) and with 


‘ 


In the case that Cm, . ¢ have the same 


sign (for all i), then the [right-hand side of 
equation (2.4) is a Foster function. Hence the 


zeroes and poles Zot 5/5, must be complex 
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N“ 


e geometry 

conjugate pairs lying on the jw axis and exhibit 
the separation property that the zeroes and poles 
must alternate. These statements are proved by 


letting s w in equation (2.4) 


(> 


where the A,, Ay are positive real numbers. The 
minus sign on the left-hand side of equation (2.5) 
is due to the assumption of positive feedback in 


the auxiliary loop. Then 


Thus, the slope of ( 5.) aS a function of 


real frequency is always positive. Hence every 
pole must be followed by a zero—the separation 
The 
axis in 
(2.4) 
zeroes is one less than the number of poles 


b(X)6(X)). ps 


same sign has been found to be true for almost 


property zeroes must lie on the real 


frequency conjugate and from 


that 


pairs 


equation one sees the number of 


Ihe property that have the 


every missile studied when X, is the nose or tail 
While suitable 


have not yet been discovered that will allow a 


station restrictive conditions 
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rigorous proof, physical reasoning lends credi- 


bility to the specific cases verified. For if a force 
were applied normal to the missile center line 
at the nose or tail, the elastic compliance in the 


structure would lead one to expect that the 


total local rotation due to bending would have 
ol 


the same sense as the rotation the whole 


body considered to be rigid. This property ts nor 


true in general for other arbitrary locations 


odes and all times of flight are con- 


I able 


when all n 


sidered {sec possidie now 
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station location if the rate gyro were located at 
More than 90 


tional phase shift at any bending mode frequency 


the tail) is now apparent addi- 


could produce instability at the bending mode 
or give a negative damping factor in the mode 
Also, the use of a large engine would result in an 


additional conjugate zero pair on the real 


frequency axis (“‘tail-wags-dog™ zero), and this 


wuld destabilize the higher modes. As is shown 


nly a small thrust, 1000 Ib, is required 


provide considerable mode damping. Hence, it 


pears 


apy thin the realm of practicality to require 


Ne Gyr at Ta 
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] 
instances, particular 


be found in_ specific 


when only three or so modes need be considered 


Now that 


to 


the poles and are 


known lie on the real frequency axis and 


alternate and a simple pole is at the origin, i 


th 


all values of gain ¢ 


follows at at the auxiliary loop is stable 


once 


for as long as no additional 


dynamics are present in the loop. This result is 
subject to the terms of the approximations of 
equations (2.2) and (2.3). However, computer 
results for the more complete system represen- 
tation show the assumptions and conclusions to 
be appropriate. (See Table 2 and Fig. 5, the open 
auxiliary loop Bode diagram.) 

The reason for the use of an auxiliary thrust 
device instead of the main engine (the use of the 


main engine would satisfy the requirement of 


} 
| 


ighest bending 
For 


vas flow « 


instance, one might 


ol ut of nozzles 


to the missile center line instead 


the nozzles. Further justification 


velling 
of this thesis 1s beyond the intent of this pape 
Actually 


help cut off the auxiliary loop 


some additional lag is desirable to 
This lag may be 
gyro natural dynamics, engine dynamics 
Bode 
condition 1s 


of 100 


the rate 


filters or shockmount dynamics. The 


diagram for at the burnout 


shown on Fig. 5. A double lag r.p.s 


has been added to produce greater attenuations 
at the higher frequencies 

It may very well turn out that the main engine 
used instead of the verniers in some 


could be 
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Howe C 


would not be 


instances 


bably necessary 


rate gyro since 


the stabilization pt 
auxiliary loop is now identical to 


stabilization problem. In fact, the onl 


introduced in this paper ts the use of ar 
thrust system whose dynamics permit 


be closed around an elastic missile w 


stability margin 


It has been demonstrated that the auxiliary 


loop is alwavs stable under the conditions 


described above. It will now be demonstrated 


that the zeroes of ( ) | 0 are indeed the 


poles of the “main loop” transfer function 


main loop” transfer function by 
Bis) Here |A(s) 
are determinants whose elements are 


Note that | B(s)) is a 


only of the system and does not depend on 


the 
{(s) 


Denote 
with 
and | B(s) 
polynomials in s function 
Similarly, the auxiliary loop transfer function is 


denoted by 


C (8) 
Dis) 


with 


Imposing the conditions 
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such that 


alues of 


Since both 


representations now determine poles 


of the same system, this implies that at least 


some (actually all) of the “main loop” poles 


values of s that satisfy equation (2.7) 
svstem 


((s) 0 


In fact, it 


obtained from the auxiliary 


the D(s) 
{ .) | ) 


loop 
solutions of equation 
or equivalently can 
be shown from the governing system of equations 
that the determinants B, C and D differ only in 
elements of one column and that the latter two 


combine to give the exact relation 


Dis) C(s) Bis) (2.9) 


The 


to appear only in the main loop (such as filter 


result, that the poles which would seen 


poles) still appear in the auxiliary loop poles, ts a 


consquence of the fact that the corresponding 
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terms were not factored out in forming the 
auxiliary loop equations. Such poles are covered 
by zeroes in the auxiliary loop transfer function 

Since the poles of 4./5, include the bending 
poles on the jw axis (neglecting the small damping 
in the and that from the 


structure coupled 


hydraulics) and since (6//6,) 0 has roots 
only in the left half plane, then the use of the 
auxiliary feedback always results in improved 
3 and 4 


for a comparison of bending damping with and 


bending mode damping. See Tables 


without the auxiliary feedback. In all cases 


computed, a vernier thrust of 1000 Ib was 


assumed 


3. Methods for Obtaining Required Damping 
function, an estimate 
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zero below w This relation 


that the 


W., IS the 6./d 


derives from the fact locus branch 


connecting the pole-zero pair is an arc of a 
circle if the phase shift 8 from the rest of the 
system poles and zeroes is constant in the region 
of the pole—zero pair. The center of this circle ts 


at a point in the S plane given by 


2 tan 


has positive phase contributions from 


negative phase contributions from 


> radius of the circle 1S 
R, ; } (3.4) 


From 


equation 


an illustrative root locus plot of 


which is the approximate open 


auxiliary loop transfer function, it is seen that 
some additional lag will actually make possible 
a greater damping than given by equation (3.1) 
The lag cutofi 


the Bode diagram of Fig 


filter should not come in before 


5 indicates the loop 
otherwise, some higher 


vain Is attenuated 


Y 


Fig. 6. Schematic root locus, open auxiliary loop 
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mode not accounted for in the analysis may not at the higher modes. No simple explanation is 


The lag offered for the apparent preference of the 


be either amplitude or phase stabilized 
can be chosen to give a maximum damping for damping for the lower modes, but the systen 
a given loop gain (¢ lables 3 and 4 present the _ tends to be self-regulatory in the sense that more 
closed auxiliary loop poles as a fu damping is obtained when the bending is more 
location, ¢ and corner frequency pronounced (and when bending is more o 
works. With 7 1000, ¢ 100 app problem) 


Table 3 Max iL 








4. Low Frequency Effects of Auxiliary Loop 


' } ' 
a ) 
A maodIie COl 


imping obti 


ary oop 
vailable that w independent 


" } , 1 
ol each mode ping. loop 
lain simple Cutoff filtering 


ymparisons Of the Bode diagra 


and without feedback (Figs. 2 and 
3 and 8) emphasize the significant decrease in 
peaking at the bending resonant frequencies 
Indeed. this 1s the major effect sought by th positive by an appropriate choice of 

of ¢ Ihe rigid body transfer function fron 


While the amount of damping in 


method 
bending modes decreases from the first 


equation (4.1) 1s then 


into the 


to third mode, this is compensated by the fact 


that the system can be more easily attenuated 
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Table 4 Burnout Condit on 
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Fig. 8. Bode plot with auxiliary loop at 


tail C, 100, burnout condition 
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system are represented as poly- 


AUATNATY 
in equation (2.1) 


ion 


multiplying 
altered in the same proportion 
pre- 


nomials 


unaltered. The 
he ratio of the 


the poles 


ndependent of the 


Linear Range of Auxiliary Loop 


rations. a ww ¢( 


‘. 
conside 


travel 


c 


the 


actually decrease 
reasonable 


i 


10 times 


req ured 
amping 


loop 


6. Practical 


IVTO 
coMm- 


cal 


band- 


iiary 


\ shockmount for 


used or advantage taken 


7 


main loop, of the cutoff of rate gyros. In this study 
l6 c/s was found to yield good 


the root-loc ] IS hence un iffected by tne a double lag at 
If filters introduced into _ results for a system stability point of view 


addition 
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Table 5. Non End Point Stations 











location will 


' ler ' 
CUTISIUC ons 


lil, CONCLUSIONS 


ted it 
HLALCG IT 


discussion to pe Lall DV tl 
small thrust 
summarized as 
(1) Dampin 
increased 1n 


feedback low 
represent 
thrust device 
acceleration, g 
parison with 
natura 


that 


(a) The ri 


located 
tall 


(b) the thrust device has no dynan n vestigation tl 


nese equatiol 


below the 


agynamics Of the 


importance. This frequency letermined oe e . with its associated 
by the numerical values of the 7m vste he additional thrust nozzle 
parameters associated rate gy! The inclusion 


Specific cases are not precluded where (a) and/or second stage engine requires that the 


(b) are unnecessary u(x,t) of the missile in bending given 
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equation (4.9) of Ref. (4) be modified to include with 


the additional tern 


where 
as defined in Ref. (5) 
Stage engine hydraulic 
manner exactly analogous to that 
system, the additional contro 
second stage engine and 


t} 
I 


elatively 


Is LO 


agrange’s 
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The angle 4, of the nozzle is assumed to be 


controlled by a rate gyro, mounted at the same 
position as the thrust nozzle, which senses the 
rate of rotation of the missile at that location 


In terms of Laplace transform variables and 


transform parameter s, this control is expressed 


by the following relation 


Ihe denominator on the right-hand side 


included to represent possible filtering 


auxiliary system or to represent possible dynamic 
effects of a shockmount for the gyro 
[he total system is represented by twenty- 


non-linear ordinary differential equations of at 


most second order in the variables representing 


the missile dynamics, autopilot and auxiliary 


thrust systems. For the purposes of the stability 
analyses of the present investigation, the missile’s 


motion is assumed perturbed about a given 


nominal trajectory. The governing equations are 


then linearized with respect to the variables 


representing the perturbed motion. However 


since the resulting equations have variable 


coefficients. the stability of the missile and 


times 


autopilot system is investigated at two 


flight: 60 sec after launching at the time of 


pressure and 130 SCC 


maximum aerodynamic 
after launching at the time of first stage burnout 


The coefficients are then assumed Lo have tne 


constant values they have at these times 


Finally, the Laplace transform of each equation 


is taken, assuming zero initial conditions 


Because of the magnitude of the resultant 


mathematical problem, a complete analytical 


solution of the equations ts virtually impossible 


Thus numerical solutions for the poles and 


zeroes of the autopilot open loop and auxiliary 


open loop transfer functions are obtained 


using the Generalized Eigenvalue Problem 


Package RWGE21 of the SHARI 
programmed for the IBM 704 digital computer 


library 


Glossary of Terms 


] Thrust of main engine 
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DESIGN 39 


Thrust of auxiliary engine. 


Distance from main engine attachment 
point to missile c.g 

Distance from auxiliary engine attach- 
ment point to missile c.g 

Moment of inertia of rigid missile about 
its center of gravity 

Angular displacement of auxiliary engine 
unit missile angular 


from neutral per 


rate at the auxiliary engine station 


Angular displacement of rigid missile 
center line from an inertial reference 
Bending displacement of station 4 
Local slope due to bending displacement 
at station 4 
bending mode eigenfunction 
ddbAx)/ dx 
Amplitude factor of eigenfunction 
Control coefficient for auxiliary loop, 7 
Missile mass 
bending 


€ node frequency 
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Abstract \ 


I. INTRODUCTION 


guidance 


ives Eartl 


ents of the 

made to solve 

problem during flight. Instead 
lavigation selected 1s based on a 


ory in which only positional 


a reference path at certain 
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predetermined times are utilized. Specifically, 


the navigation problem is solved on board the 


spaceship by means of (1) a sequence of optical 


measurements of angles between lines of sight 


to various celestial objects: (2) a clock: (3) a 


digital computer to determine positional devia- 


tions from the celestial observations 


calculate both the required velocity 
and a correction to be applied to 
and (4) a 


f making 


clock micro-rocket propulsion syst 


small 

as directed 

navigation oO tn le oul 
return portions 


points 1s assume 


c 


are detern 


velocity 
propu 
5 ; 
(2) opt 
ing ade 
erro;rs 


study. as applied I 


missions to bot! 
in Section 5. ] 


dimet 


THE NAVIGATIONAL FIX 


we conside!l 


mining 


t rc] 
spaces 


celestial fix. The physical operation iny 


the fix comprises a sequence of measurements 


' 
of the angles between selected pairs of celestial 


bodies. together with the measurement of the 


angular diameter of a nearby when 


planet 
appropriate. One further observation is implied 
namely 


in the fix; the recording of time as indi- 


cated by the spaceship clock The intended 
result of these observations is the determination 


of coordinates of spaceship position together 


ND-TRIP 


RECONNAISSANCE MISSIONS 


with a correction to the current clock reading 


Here we shall describe one possible form of the 


required calculations and then relate the resultant 


errors in position and time estimates to the 


errors in the primary 1 


It is 


neasurements 
the 


approximations to spaceship position and 


assumed throughout 


time are already known so that perturbation 


techniques may be employed. In the application 


t ; 


considered in this paper, no real restriction 


implied bi IS assum] n since deviations f1 


rajectory must be 


the missk n 


supply 


Specifically 


1] ‘ 
i ASSOUIALC 


with measurement 


increment of representing the from 


elapsed ti 
the start of the sighting process to th le at 


which that particular angle There- 


is measured 
the measurement is made at the 


ol 7 1s 


fore true time 


note that although the value 
known 
that of 47 is 


As the first 


accurately to the spaceship 


compute! not 


type of measurement to be con- 


sidered, we choose that of the angle from the 


Sun to an arbitrary planet. Subsequently, by 


allowing one or the other of these bodies to 


recede to an infinite distance, we may obtain 
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corresponding relations for the Sun-—star 


Star—planet type of measurement 


Let S e, respective reference 


position ol i spacesnip and | sition of a 


planet 


Sun 


LLL 4) 


fix. Then, 
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since the governing equations for each of the 
various types of angle measurements are linear 
in ér, 57 and 5A, we may express the results in 


the matrix form 
7% 


where 4 is an m 4 matrix 


depend only upon the geometry 


veloc 


figuration and upon the 


spaceship and 


planets. Also 


dimensional column 
col { 


and 


For the remainder of the discussion it is nece 
to distinguish between measured or in 
values of the 

values: e.g., 5A will be the measur 
deviation in A from its reference va 
will be the true value the deviation 


When 7 1s 


measurements 


than tour 
redundant 
may use 


-SQuares I to 


data to obtain 


estimate of position and 


possible with a minin 
For this purpose, let 
the estimated standa 


measurement 


angular 


error at time 7. Ther le apy 
determination of 
find 


is to 


that 


expression 


where 


elements 
term in this express! 
the indirect measure! 


irom the ; t Start 


FOR ROUND-TRIP RECONNAISSANCE 


MISSIONS 


Following the usual steps in the least-squares 


process, we are led to the following set of four 
simultaneous linear equations to be solved for 


the components of X 


the ft ’ 


(A prime denotes the transpose 


Ihe fourth-order square matrix 


mined fron 


natrix whose only non-zero 


n the lower right cornell 


accounted for the 


observations occu! 


at appre 
er the start the fix 
correct for the fact that the 


is itself in 


to the 


erro! he 
spaces! 


started 


de\ latiol 


16) 


ectol f 


where oA r T are the true deviations and 


a. €, r are the errors made in the measurements 
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closest and 
respectively 


in this context 


he line of sight to the planet must lie 


dependent of any rift ) r than some initial angle to the Sun line 


if is the standard devi » critical value chosen is I5 for the most 
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part; however, when the proximity of a planet is are the basic equations of motion of the space- 


such that an appreciable disc is displayed, the ship except for those brief periods 
t 


value is dropped to 3 if need be propulsior 
Alpha Centauri irilus and rcturus are Let the 

among the brightest stars and forn 

an orthogona li Furthermore 

oriented thi 


poll t ont 


COMPUTATION OF VELOCITY 
CORRECTIONS 


Therefore 
techniques may 
Specifically 
position and velocity vectors 
in an inertial coordinate 
at the Sun, and let g(r 
tional acceleration at position r, and time 
Vis) 
Then 
dr,/dr g where ¢ and ¢c* are arbitrary constant vectors, 
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and 


follows that these expressions satisfy the pertur- 


bation differentia 


equations (3.3). Furthermore 


they contain precisely the required number of 
unspecified constants to meet any valid set of 


initial or boundary conditions Therefore 


equations (3 and (3.8) represent the most 


general solution to the perturbation problem 


Turning now to the navigation problem, we 


note that since aboard the spaceship only 


measurements oO position the 


velocity n therefore, be inferred by 


some 


process. One procedure for obtaining an estimate 


of spaceship velocity will now be described 


Assume that measured positional 


iF and 


reference 


and ] ( 


values are | 


two successive 


be written twice 


Therefore 


Substitutin 


; : 
and iS Cf 
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where, again for convenience, we have defined 


Equation (3.13) provides a means of estimating 


the spaceship velocity at time 7 
and 7 


of determining from these data a 


from positional 
information at times 7 There remains 
the problen 
required corrective velocity increment 4, which, 
when added to the calculated velocity deviation 

will cause the spaceship to arrive at the 
1 planet. For this purpose let us imagine 
as a point r,(74) fixed in space and 

if the spaceship arrives at the target 
$ present position, there will be a velocity 


¥(7 4) 


> equations 


upon arrival which is related 


(3.15) 
time 7 
(3.16) 


be established 


16) 


al 


g iations (3 and 


eq 


required velocity 


defined by 


fundamental guidance 
spacesnip 
“d 


compute! 
in these computa- 


only upon the reference trajectory 


*s of the check-points, they may be 


There- 


| ? 
as pre-calculated quantil cs 


the spaceship computer is presented 


consecutive positional determinations 


putation of the required 


velocity 
ol 


consists nothing complex 


more 


than a few simple multiplications and additions 


Before ¢ 


i] which 


osing this section we will derive 


a 


will show explicitly how the 


velocity correction at time 7, 1s related to the 


initial 


velocity 


associated with the positiona 


errors 


at launch 


the errors 


fix and the errors 
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in establishing desired velocity corrections at 
previous check-points. This will then serve as a 
basis for 


Section 4 
For this purpose let 4 


the statistical analysis described in 


and n,, denote, respec- 


tively, the actual velocity applied at time 7 


and the error made in the application of the 


desired correction A Thus 


A A 


Similarly. we define e€, and 6 


the vector difference between 


actual position and velocity 


] 


deviat 


and noting that 
A 
7 


equation (3.23) may be written as 


r 


ND-TRIP RECONNAISSANCE 


MISSIONS 


But equation (3.22) obtains at each check-point 


sO, in particular, at time 7 we have 


A 


Hence, substituting from equations 
n (3.92 


(3.28), equatior 


4. GUIDANCE ERROR ANALYSIS 
In order to study the effect on fuel consump- 
tion of errors in guidance, we calcuiate the mean- 


each 


change A? applied at 


squared velocity 


4 , N 


check-point 7” This may be 
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accomplished using equation (3.32 


) if we adopt 


the convention that e 


agree that A 


€ 0 and 
in launch veloci 


T} . wrrelat 
ie” ' Wheat 


equation 


used to 


may 
contact W 
spaceship 


We may orrect 


I L 


yper 
tnis 


mediate vicinity of the planet or let the positional 


error which will result be corrected first 


tne 
check-point on tl 


ne return voyage 
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For use in the statistica 
»v( 7 
be expressed in terms of the cumulative effect of 
corrections the check- 


let assume that at 


inalysis this velocity 


deviation ) upon arrival at the planet may 


elocity at 


various 
points. More specifically 


time 7, tl 


us 
e spaceship, heretofore traveling the 


ourse, 1s suddenly given a velocity 


task 1s to extrapolate the effect 


time 7 


ry 


Then. under the 


ay superpose the results 


(4.4) 


) Then 


obtain 


using equations 


HN) 
(4.5) 


ie component of dr(74) perpendicular 


direction of relative motion between 
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vehicle and the target planet is of interest in 


determining the actual miss distance. The other 


component along the direction of motion is 


more nearly responsible for a wrong time of 


arrival at the planet. Denoting the miss distance 


vector by or, and the velocity vectors 


spaceship relative to the planet 


vel Tl 4) 
or 


Computation « he mean-squared 
accomplished as before 


When the 


velocity 


component 


' +} 


vector oO le vector 


the spaceship and planet positions 
spaceship will have 

“target plane’. Fron 

is clear that tl 
plane does n 
Howeve! 
between 
penetrates 
then o/ 

ment 

normal 


Thus we 


Because « 
the 
entire error in 
the target plane 
the error in tl 
time is lf 
during the period from 
contact with the planet 
indicates the time he actual 
T4 r At 1} i * deviation 
r( 74) 
d7Tr; as the et in the 


will be that by 
estimated 


arrival at the target pli we have 


Tes (4.8) 


Again it is a straightforward process to compute 
Note, 


and 


(67¢4)* using equations (4.7) and (4.5) 


however, that the correlation vectors ty, 


> 
_ mee 


ty _,. defined by equation (2.23), will be involved 


in the result 
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The error 6/7 ¢4 1s the amount by which the 


spaceship computer would fail to predict the 
time interval from the last check-point to arrival 
Mars o1 


error in 


at the planet. It is of interest at Venus 


because it represents the timing that 


' 


would occur for the acquisition of scientific data 


al sighting on the planet 


‘ rn . _ eo \terect 
contact ] I in I S of interes 


upon return to ‘ > I represents 


source of E; 


rotation 


denotes 
planet 
the center of the planet to the 


»| ' 
VOIOCILY 


point in the 


plane normal to the relative 
vector al vector 1s pointed from 


Now the 


the outbound 


great Stance magnitude of the 


difference between and inbound 


relative velocity vectors is simply 2r sin 
so that 


(4.10) 


cos y sin 2y/r,,)*(6r,,)” 


where (dr,)* 1s obtained using equation (4.6) 
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trip. The particular dates chosen coincide with 
the times for making a celestial fix and an 
associated velocity correction as determined from 
the computations to be described later in this 
section. Of course, more fixes are taken than are 


tually illustrated in the figures 


Venus mission the vehicle velocity 


the Earth after escape from the Earth’s 
al field is 15.000 ft/sec. After 0-3940 
spaceship passes 5932 miles from the 


t with a relative velocity of 


the plane 
returns to Earth 0-8635 years 
atmosphere with a velocity 

the Mars trajectory No. | 
s also 

makes one complete 

ng Mars 2°4223 

4693 miles 

ve velocity 

U1 SU0IO veal 
43.189 ft/sec 


irs tra T 
< ) rayect ’ 


5 COMPLTATION RESULTS AND 
CONCLUSIONS 


e a calculated 
(or including 

e Earth during a 
gown al 
correction vector 

are stored constant 

st. check-point 

s then made by the 
under control of the com- 


correction 1S to 


1 pOTUONS ¢ 


"5 
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Fig. 5. Sample round-trip trajectories 


error, provided that the fix and resulting velocity 
correction are made with a fairly good degree 
of accuracy. 

At time 7, a second fix is taken, leading to a 
value of df,. Using df, and the value 4f, saved 
from the first fix, together with stored values 


a new velocity correction A, is 


for #, and -,, 


computed. The process is repeated for sub- 
sequent check-points until the last correction 
Ay is made. At this time the vehicle is presumably 
a few hundred thousand miles from the destina- 


tion planet and established in a satisfactory 
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with only a 
to correct 
an 


} lle 
Called 


{ 
mon o 





M.S. R.M.S 











table check- 
of one-! were studied 
calculation it assumed that the 


Earth with no initial velocity 


designated > the single fix 
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a velocity change is introduced based on the as the square root of the trace of the 4 matrix 
erroneous determination of positi As (3) the r.m.s velocity correction in feet per second 


it misses the target planet by an amount as calculated from equation (3.32): and (4) the 


whose r.m.s. value 1s given. Some of 1 re r.m.s. miss distance at the target planet in! 


one-fx ilculations are summar! “dd as determined using equation (4. 


*} » * “—y +) my } svy . , " } 
Noting the frequent fluctuatio in ils wet hose! 


Table 








UO UOTUOO ‘ { ODOT) 


0: 4000 ; i4 0: 4000 








the data, one 1s easily convinced that tl roblet what irregular in an rt to give better definitior 
of selecting optimum time ces | yon to regions in which rapid changes are occurring 
means one possessing > and 1O One , é l nN sharp peaks 1n velocity 
solution correction occur from time to time, unaccom- 

[he quantities tabulated are:(1) the time of the — panied by any marked change in sighting errors 


fix in years of travel from the departure planet e.g. the points ¢ = 0-440 and 0-520 for Mars 


(2) the r.m.s. sighting error in miles computed trajectory No. 2 return. The phenomenon is 
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explained by the fact that these times corres- computed which has a component of several 
pond to points on the spaceship trajectory which thousand miles in the direction normal to the 
are an integral multiple of 180° from the launch _ plane of motion. A displacement of this magni- 
or destination position. The explanation lies in tude in any other direction is perfectly reason- 
the fact that at an arbitrary point S a velocity able: in this particular direction, however, it 


change in the direction normal to the plane of can be produced only by a large velocity error 


Table 3. Round Trip Data Mars Trajectory No. | 
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the orbital in the sam rection upon leaving Mars. As a 
Sun to § sult, a large velocity change is called for to 
unchanged at points 180 nsate for this nonexistent error 
S$. Consider, for example bles 2, 3 and 4 are summarized the results 
the point / 20; the spaceship has travelled of several multifix runs for the three trajectories 


178° since departing from Mars. Through — studied. The postulated errors are: (1) an r.m.s 


observational error. a positlior disp acement 1S initial velocity error of 40 ft/sec at sea level. 
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produced by a launch guidance error of 0-1 pet 
cent; (2) an r.m.s. error in applying any desired 
velocity change of | per cent: (3) an r.m.s 
clock drift 100,000: (4) an 


r.m.s. error in angle measurements of 0-05 mrad 


rate of one part in 


or 10-3" of arc. The quantities tabulated are 


Table 4 


FOR ROUND-TRIP RECONNAISSANCE 


MISSIONS 


the target planet in miles; and (7) the r.m.s 


initial velocity error for the return trip as obtained 
using equation (4.10). An asterisk, after the time 


fix in these tables, marks those times for which 


the configurations are illustrated in Fig. 5 


The runs in these various tables are not opti- 


Round Trip Data Mars Trajectory No. 2 
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(1) the time of the fix in years 
miles: (3) 


(4) the r.m.s 


(2) the r.m.s. sighting error in 

m.s. velocity correction in ft/sec; 
time error in hours as computed from equation 
(2.26): (5) the r.m.s. error in the estimated time 


(ETA) in 
equation (4.8); (6) the r.m.s 


of arrival hours as obtained using 


miss distance at 


mized, but do indicate the ranges of values 


which one may reasonably expect to attain 


In addition, a number of other runs were made 
(not included in the tables) in which larger errors 
were assumed. The following facts are apparent 


directly from the data or by a _ reasonable 


extrapolation 
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Navigation with a position error not in 


spaceship computer appears to be telling 


excess of 300 miles r.m.s. at the destination time mainly by the motion of the planets 


( 


planet or 250 miles r.m.s. upon return to 
s feasible. with the standard <d in another way, guidance depends 
issumed e rs, and with the expenditure primarily upon the accuracy of optics, for 
fi no mor man |SOO ft . r velo . range ol parameter values considered 
Therefore, the way to conserve fuel 


Ing the optical aceuracy 
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semicircular halves of the objective could be 


This error can be relieved by remaining moved relative to each other with a micromete! 
satellite orbit long enough to establish a new screw until the images of two stars are 


of initial conditions for an inertial system coincide 
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By this method, under observatory 


made 


At 


technique 


present, use 1s a photographic 
conditions, a probable error of 0-01" ts obtain- 
the need 
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conventional gearing, or micrometers, are easily 


made. Let us look at some of the problems in the 


design of a differential sextant suitable for this 


task 


If we have a manned vehicle with an officer- 


navigatol reduced to one of 


taking 


our problem is 
a photograph and supplying the grade 
zation needed to keep the star images 
for measurement on_ the 


Added 


avigation 


adequately 


comparator microscope problems are 


make ! instrument 


lagnitudes oO 
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ol 
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The telescope 
unconventional 
it can be made 
In the Cassegrain f 
would be about 
10 in. (Fig. 2). In Ne 
could be made short 

‘r some 
corrector plate 
tO Keep good 


aberrations are 


design s| 1 all 


Ould al 
which is large 
always be the ne 
sensors must be mo 
of the surface ol 

It does not 
heliometer 
difficulties occur in superposing st 
in brightness. Our problem 
angular position of the planets, giving 
contrast in illumination 

The temperature compensation of magnifica 
tion and focus must be given special attention 
If good results at 2° are desired, scaling provision 


will be needed in addition to compensation 


The stabilization requirements are severe. Move- 


ment around the mean pointing direction should 
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telescope a more flexible ri 


ght-angle bends since the scanner needs space 
proposed \ dual gimba tating gear and bearings. It also has an 
sed, with inertial stabilizat ris diaphragm. Either one or two star seeker 
s can be used: with two, better scaling data 
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e problem ts very simple 
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from the star tracker on close approach. Any throughout the voyage, as seen from expected 
asymmetrical obscuring of the scanner aperture positions on the nominal orbit. This information 


will unbalance the stray light and so shift the will be stored in the programmer. At the proper 


n 


centering point times, the expected positions of the choser 


Ihe star scanner unit } the reference planet will be given to the computer 
selected star by the programmer h fur which will add them to the reference position 
precaiculated values of the expected po ie vehicl 1 the inertial reference directior 
polar coordinates ntere ym th anet inting orders to the telescope 


Distinctive bright st: must sen. and ; cted it if the nearby stars w 


nsors 
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expected light 


requires precomputati > ground he his 1 st do na brig 
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gent sti 


" } " | —. " h ne ir e tT . 
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moving destination. We will call this the nominal he programmer. In the gyro resetting opera- 
] 
orbit. The apparent position of the planets tion, the position of the selected bright star wil 


to be used will be calculated for intervé be stored in the programmer. At intervals based 





CHARLES D. BOCK 


on the expected drift rate of the platform, the (1) Planets will appear crescent shaped. Non- 
telescope will be directed to this star. The predictable variations in albedo and Moon 
the telescope will be aligned as in the illumination of the dark side will limit the 
the planet to this star. Two components n uracy of correction possible 
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de kept off the lenses as the 
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corrected 
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ito. Only 
ions cou 
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e difficulties we sextant of accurac ‘tter than |” of arc with 


must overcome if we are to operate this system promise of future development if desired, 


to obtain fractional second accuracy. They may possibly as fine as 0-1 


be listed as follows, much as Larmore has Ihe use of this telescope unit in a navigation 


done system as described would give midcourse 
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Abstract 


1. INTRODUCTION 


CCOnOMI- 

to closed 

the required 

rformed in 

n real time. It 

body problem, for 

no explicit solution exists. An approxt- 
tion can be found in either of two ways 


ita 


Ihe time of launch we (1) Expressing the components of the required 


controlied very accurately velocily as polynomials in the position 
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co-ordinates and time, with empirically 


determined coefficients 


(2) Approximating the physical situation with 


a model simple enough to yield an explicit 


solution for the required velocity vector 


[he first method has the disadvantage that the 


determination of the coefficients may require 


a considerable amount of computation using a 
large computer and that the values of the co- 
efficients may be rather strongly dependent on 


the vehicle configuration and the nominal 


trajectory. Small changes in either may require 
that the whole set of coefficients be redetermined 
The success of the second method depends upot 
finding a suitable approximation, simple enoug! 


to vield a solution, but accurate enough to 


the guidance accuracy 
This 


based on 


requirements 


paper present guidance 


simple and 


mode deep space has t 


phases 


The assumption 1 


guidance objective 


7 


injected into the trar 


velocity ector (1 iteration 


the flight. Translated into requirements in the 


vicinity of the earth 1 eans that the vehicle 


is guided to an escape hyperbola which has the 


same energy as the nominal escape hyperbola 
and whose asymptote is parallel to the asymptote 
of the nominal hyperbola. Thus, the n-body 
problem 1S replaced by a two-body problem with 
a central force field, for which an explicit 
solution for the required velocity can be found 
It may or may not be necessary to express Vi» as 
a function of the burnout time, depending upon 
the accuracy required, the expected variations 
in the burnout time and the relative velocity of 
the target 


Dd 
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To demonstrate the accuracy of the model, a 
summary of the results obtained on simulated 
Atlas Able-4 flights to Venus is presented in 
Table 1. The vehicle was guided in powered 


Table | 








2. DERIVATION OI 
REQUIRED AT 


Ihe three 


THE VELOCITY 
BURNOLT 


components chosen t 


requl 


ity yvect at bi 


irnoutl 


magnitude, the radial component 


(lateral) component 
2.1 Magnitude of Velocity Required (|) ,) 

In the two-body problem, when the mass, M 
of one body is very much larger than the mass, 
m, of the other body, one has, from the conser- 
vation of 


energy, that the relative velocity of 


the smaller body its given by 
5 >} 


GM {- 
; j GMm 
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where r is the distance between the bodies, Eis’ | The escape path will be along a hyperbola 
relative energy of the small body, and G is the defined by 


gravitational constant From equation (1) 


GM{- 


and e is the eccentricity (see Fig. 3). From 


equation (6) and the conservation of angular 
off when tl 
moment 
f the escape 


nagnitude of | itt rrect (ri CM ‘ | (3) 


Yaw Component Since GM and r are all presumed known, 7 


e fig an be determined trom equation (8) if the 
can be found. From Fig. 3 


(9) 


sin (10) 


Asymptote 


(I 
Substitution of equations (11)-(13) into equation 
(10) vields 


(| 


(14) 


and rearranging equation (14) one obtains 


2.3 Radial Velocity (/,) 
If } Vand « 0. a solution can be found 


for the radial velocity required, /,, for a given 
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This is a quadratic in (e 1) and can be (2) In yaw it is the optimum for fuel economy 


solved to yield (3) In pitch, it approximates the optimum for 


fuel economy 


(4) It leads to a simple mechanization 


/ 


| 
ae x)] (16) 3.1 
: | 


Yaw Attitude Error 
. Suppose that at the initiation of guidance the 
Since (e* in@, which is positive 


missile has some yaw velocity error, €,. and let 
because 4 2. the positive sign is correct . ) 
be the angle in the yaw plane between the 
Substituting . | C e 


thrust acceleration and the desired free flight 
plane, as shown in Fig. 4. The objective is to 

- » oh F il he zero at 
and squaring equation (16) one obtains find a constant such that will be zero at 
burnout. The final yaw velocity error, « is 


given DY 


The required radial velocity can now be found t will be own In the appendix 
by substituting « | from equation (17) 
into equation (8). If the vehicle is to be guided 
to an ellipse which passes through a fixed point 
In space with a fixed 

case for a flight to 


ton Ids 














where 


and / the vect 
equation (18) reduc 


approaches infinit 


3. DERIVATION OF THE STEERING 
ERROR SIGNALS 
In order to specify the error signals it is 
necessary to select some particular method of 
steering. The method described here is to guide 
to a constant thrust attitude such that the velocity 
vector will be correct at burnout, but not before 
A constant attitude trajectory has the following 


advantages 


(1) The angle through which the missile is 


turned is smallest so that the yaw com- Fig. 4. (a) Illustration of equation (18); 





ponent of the radar look angle is smallest (b) illustration of equation (22). 
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changes to J the change in €,, 1 and if is the angle between the thrust vector 


and the local horizonta 


(0) 


missile 


thrust 


3.3 Reduction of Attitude Errors 
he 
NOs 
ured 


ipon 


3.2 Pitch Attitude Error 
4. CONCLUSION 


ermined 
flight ts 
defining 
von ol 
ing the 
ccono- 
‘ city, rather 

uilaneously 
cannot be determined 
solution ol 
guidance of a 
oceurs In 
body ysical 

accurate 
riginal objective of 
nt in space is replaced by 
laining a desired escape 
accuracy of this approxi- 
nation has been examined for a flight to Venus 
and was found to result in errors of less than 
derivative appears in the lOOp as i 2000 miles at Venus for fairly arge vehicle 
gain factor, and the loop can be designed - perturbations. Errors of this magnitude are 
——— o all changes in gain ts smaller than the present uncertainty in the 
equation (<4 location of Venus. There is no reason to expect 
significantly larger errors for flights te other 


targets in the solar system 
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The vehicle can be guided to the required 


velocity vector by a nearly optimum constant 


attitude thrust profile by relating velocity 


errors to attitude errors and causing these 


attitude errors to be zero. The design of a closed 
loop control system to null the attitude errors 
has not beeen discussed since this depends on 
the sources of error and the constraints of the 
subsystems within the loop 

The guidance technique presented here is not 
restricted to any 


the 


particular vehicle except that 


portion of the p 1 flight must 


Cc powered 1uS 


major 


occur in the vicinity « the Earth. and 


applicable to target 
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Abstract 


INTRODLCTION ent ruldan ind « tr nponents can 


realized if 

h tighter 

require 
system 


ents on the 


A SPECIFIC GLIDANCE AND CONTROI 
SCHEMI 


ed tnal 
ocauion 1s 


aceuracy ) 


, “fl 
i iS USOCQ 


| 


y ( al 


velocity 
5 of retro 
s insufficient 


terminal guid- 


t ; 


al ne retro- 
the approach 
ellation must be 
Moon’s surface 


planned cle 1s stopped at an altitude of 100 ft 


wed ft all » the surface, it will strike 


viations). The vehicle will appro the moo at about 30 f{t/sec.) 


perhaps 10,000 ft/sec. Reducing 10,000 ft/se No landing phase velocities are measured 


YELL 


to 100 ft/sec reduces the kinetic energy by a_ within the vehicle. This is possible because the 
factor of 10,000. Even so, a vehicle landing at two velocity vectors illustrated in Fig. | can be 
100 ft/sec will need substantial shock absorbers, predicted in advance to sufficient accuracy 


as well as a rugged pay load. Accuracy require- One is the vector approach velocity, or impact 
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velocity in the absence of retrorockets the 


other is the net vector change in velocity pro- 


time the 


We 


vectors in turn 


retrorockets, at the 


Moon's 


duced by the 


vehicle reaches the Surlace shall 


consider the two velocity 


ANDING VEL 
N ABSENCE OF 
RETROROCKETS 





The 


trajectory 


vehicle is launched into a_ ballistic 
It is then in free flight 
the Moon 
The 
Moon, is to be 


controlled within the required limits by precise 


near the Earth 


until the retrorockets are fired, neat 


(There is no mid-course guidance.) vectol 


approach velocity, near the 


control of the vector initial velocity. Precision 


(launch phase) guidance systems now In existence 
this. They cannot 


may be accurate enough for 


now be applied to all stages of lunar probe 
launching rockets, for the rocket-borne parts of 
the present precision guidance systems are too 
large for the small final stages of the present 
lunar probes. However, the precision guidance 
should become applicable in the near future, as 
guidance packages become smaller and final 
Stages larger 

To evaluate accuracy requirements, one must 
relate vector errors in the initial velocity, near 
the Earth, 


approach velocity, near the Moon 


to resulting vector errors in the 


In Fig. 2, a 


vector error dv, in the approach velocity v, is 


divided into parallel and crosswise components, 


The 


dv, and di parallel component, d 
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depends almost entirely on the error, d 


Roughly 


in the 


initial speed 


second 


ach velocity 


The 
error, dt 


the 


crosswise component. d depends on the 


n the initial velocity direction, as well 


as on error in speed. Very roughly, with 


orbits of the expected sort 


foot per second* 


$00 ft/sec per angular mil 


dE, 


If the initial velocity is controlled to | ft/sec 


in speed, and to 0-1 angular mil in direction. 


dv, will be restricted to about 3-5 ft/sec, and di 


to perhaps 60 ft/sec.; Horizontal components 


of these errors contribute directly to the hori- 


zontal component of the landing velocity 


Vertical components contribute only slightly to 


the vertical component of the landing velocity. 


* 


This assumes launching from Cape Canaveral, at a 
favorable time of the month, and at a velocity chosen to 
minimize velocity sensitivities 

This 
initial velocity direction 
are substantially smaller 
Allowing for statistical independence of d 


refers specifically to elevation errors in the 


Sensitivities to azimuth errors 


and dl 
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for a reason which will be explained in con- 


nection with the retrorockets 


In connection with equation (2), the followin 


relation is of interest: The error coefficients | 


equation (2) depend almost entirely on the 


Wa 
in which the Moon’s gravity bends the orbit « 


an approaching vehicle. The effect is illustrate 


in Fig. 3. Deviations in the initial velocity 


iv 


the approach orbit almost parallel to itself, wit 


7 


direction 


little change in at 
Moon 
impact, a 


Moon's 


very 
from the 
al 


ul 


vray 





shift 


iong d Stance 
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possibly be fired at a preset time. A change in 
initial velocity of | ft/sec will change the time of 
In 100 sec, the 
like 


certain minimum observa- 


o 


arrival by something like 100 sec 


n approaching vehicle travels 


200 miles 


ol 


something 
As a result 
the Moon 


approaching vehicle 


\ 


yt 


d 


tions must be made from the 


In the specific scheme which we are consider- 


h ing. the minimum observations are made with 


Ss arange only, pencil beam radar, sighted along 


yf the 


nominal 
| 


won < app 


py roach velocity 
on the basis of 


The 


directions 


retrorockels 


Moon 


red 
iC 


the ther tl time 


Main 





iocal tunar vertica 


more than the direction 


(which ss with the direction 


velocity vector) 


Errors in initial velocity also 


the 


deviations in the time of arrival at the Moon 


These are so large that the retrorockets cannot 


Cause 


retro- 


; 
> LE 


nal vector 


\ It the direction of the thrust 


n error 


there will be a corresponding 


LO 


t 
Lit 


ysswise contribution the residual velocity 


comparable to the error dv, in the approach 


(Fig. 2). Errors in the direction of the 


velocity 
retrothrust will be due primarily to errors in a 
direction reference within the vehicle. An error 
ol it 


horizontal component of the landing velocity 


will contribute roughly 50 sec to the 


The direction reference is preset at launch, so 


that no direction measurements (star tracking, 





GUIDANCE AND CONTROL Of 


lunar horizon tracking, etc.) need be made from 


the vehicle. The initial setting must be retained 


through some 2 days of weightless flight (as well 


as through the launching phase). A 


gyro- 
scopically controlled stable platform may be 


the preferred embodiment. A stable platform 


must be accompanied with an attitude control 
system or autopilot, so that the vehicle itself can 


be oriented with the reference direction as it 


approaches the Moon. Then the retrorockets 


RNIER R KET FIRES 


PRESET RANGE N 


are rigidly attached to the vehicle (unless they 


are to be slightly deflected during burning | 
improve attitude stability) 

A common alternative to a stable platform 1s 
to spin the whole vehicle, which then becomes its 


For 


spin must be the (preset) axis of the retrothrust 


own gyroscope this, however, the axis of 


which may not coincide with the axis of the last 


stage of the launching rocket. There is also the 


problem of stopping the spin at the instant of 
landing 
The retrorockets are solid fuel units, burned 


to the end of their fuel, without metering or 


control of their thrusts or net velocity impulses 
If a single such rocket were used, the require- 
ments on its specific impulse and burning rate 


would be rather too severe. If an integrating 


accelerometer and thrust cutoff were used to 
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control the net thrusts 


would still bring the vehicle to a stop at incorrect 


impulse, nonnominal 
altitudes 
Reasonable error tolerances are achieved by 
using two retrorockets, a large or main unit, 
(Or 


may be two vernier rockets acting as a unit, one 


followed by a small or vernier unit there 


on each side of the main rocket, as a means of 
keeping thrust symmetry.) Remarkably enough 


the errors in the specific impulse and burning 





rate of the main rocket do not have to be 


measured. in order to achieve substantial cor- 


rection by The correction 


means of the vernier 
actually occurs with no measurement of errors 
provided the rockets are used in a suitable way 
The 


range only radar, at 


A specific example ts illustrated in Fig. 4 
main rocket ts fired by the 
a first preset range to the Moon, such that the 
rocket burns out at an altitude of some 25,000 ft 
At the instant of burnout, the velocity is nomi- 
nally zero. For some time thereafter, the vehicle 
falls Moon's 


by the gravity. At a 


the 
Moon's 
preset range, 
The imparted to the 
vehicle by the Moon’s gravity, during the free 


toward surface, accelerated 


second, much 


smaller the radar fires the vernier 


retrorocket velocity 


fall, can be quite accurately predicted. During a 
25,000 ft fall it amounts to some 500 ft/sec. The 
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vernier retrorocket is designed to cancel this 


velocity, and is fired by the radar at a range 


which puts the vernier burnout close to the 


Moon’s surface 


The dynamics of the free fall. from the burn- 


out of the main rocket to the firing of the 


vernier, lead to a substantial suppression of the 


main rocket’s errors. In other terms, the velocity 


of the vehicle at the firing altitude of the vernier 


is quite insensitive to deviations in the velocity 


and altitude of the ve at main rocket 


burnout 


Let the nominal nations corre 


spond to a free fall through / feet, starting with 


zero velocity at the burnout of the main rocket 


and reaching a velocity at the firing altitude 


of the vernier. Suppose velocity at 


main rocket burnout 1s a vertical veloc! 
instead of zer 


rocket 


Suppose 


Durnoutl » 


main 


the vernie! 


Moon's 


formula 


during the 
If h 
Then a 


zero) and an ert of 2000 ft 


by about 20 ft/sec. These changes correspond 


to errors of about | per cen 1 the specific 


impulse of the main rocket and more 


cent in the burning rate (assuming a burning 


time of 20 sec) 
Percentage deviations tn the vernie: perform- 
merely because the 


With a 500 ft/sec 


ance have a small effect 
velocities are relatively small 
vernier, a 2 per cent error in specific impulse 
changes the landing velocity by about 10 ft/sec 
A 2 per cent change in the burning rate changes 
the altitude at burnout by about 10 ft (assuming 
a burning time of 2 sec) 


Ihe propulsion supplied by the vernier is 
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extra propulsion, not a slice of the minimum 
propulsion required to stop the vehicle, for the 
main rocket by itself is sufficient to stop the 
vehicle. The extra propulsion is the price paid, 
in this particular scheme, for the lenient accuracy 
rocket. Different 


if desired, with 


requirements on the main 
amounts of vernier can be used 
suitable changes in the altitude of the vehicle at 


rocket 


main rocket errors are suppressed ts proportional 


main burnout. The factor by which the 


to the price paid in terms of extra propulsion 


The scheme works best when the nominal 


the center of the Moon (as viewed 


he approaching vehicle). Then the 


nding vector approach velocity, radar 


and retrorocket axes are all parallel 


vertical The scheme 


nominal local lunar 


justed, however. for lines of action 


rt considerably from the local vertical. 


Then the nominal 


as much as 30 
the landing can be placed anywhere 


lar area, with a radi t perhaps 


CONCLUSIONS 


inmanned soft 


Cd 


LAUNCH PHASE TERMINAL PHASE 


PRECISION LAUNCH-PHASE GUIDANCE COMPONENTS 
DIRECTION REFERENCE AND ATTITUDE CONTROL 
MAIN AND VERNIER RE TROROCKETS 

RANGE ONLY, PENCIL BEAM RADAR 

RADAR CONTROL OF RETROROCKET FIRING 


Fig. 5. Guidance and control components 
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can use Components of sorts which now exist 


Many different arrangements may be possible 
The specific scheme described calls for the 
components listed below, and _ represented 


schematically in Fig. 5 


(1) A precision launch phase guidance system 


controlling the initial velocity vector to 


| ft/sec and 0-1 angular mil 


A direction reference and attitude control 
system, keeping a preset attitude to 
Main and vernier retrorockets of the so 
fuel, fixed impulse type, fixed to the 
frame (unless deflected 

lization). Burning rate 


cent spec | 


the main rocket and 2 per cent for the 


vernier 


(4) A range only, pencil beam radar, non- 


steerable relative to the airframe, directed 
antiparallel to the retrorockets. Range 
accuracy perhaps a few hundred feet at 
40 miles and 20 ft at 1000 ft 

Means for firing each rocket when the 
radar range matches a_ corresponding 


preset range 


nnonen 
componen 


Moon's 
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Abstract 


report deals 


collecting 
tracking Camer 
n particular 


The requirements to be nace 


| | 


in orbit are to be continuously monitored are ol 


two kinds. One 1s that the position of the satellite 


celestial sphere should be determined 


with sufh 


on the 


cient accuracy. For our present pul 


poses, surveillance without any specific scientific 


goals. an accuracy of | of arc and sec of 


time are considered adequate. Observations of 


higher accuracy are desirable, of course, and 


will become more important with improvement 
of the theory of motion of the vehicles. The 
second requirement ts that of fast producing 
and handling of the data, on a real-time basis if 


possible 
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POSITION 
TRACKING CAMERAS 


DIETER 


nployed lor 
antages for 
ameras with 
truments for 
ving object if 
position are 
i the object 


back- 


iow Ssece ynds 


aphed 


It is in the 
data-handling 
methods are 
developed and 


be found: and 


background star 


re procedure 
nore for a 


ita point 


problem of finding a satellite image on a 


i Star background sometimes 


i difficult r example on one ftrame of a 


Baker—Nunn satellite 


overs 5 the Sky 


tracking camera. which 
there are on the 
200-300 stars of the ninth magnitude 


1000 and 


average 


or brighter. and in addition between 
is about one 
When the 


as bright as the sixth magnitude, 


10.000 fainter stars, so that there 


Star for each mm* on the film 


satellite 1s 
which is the case for a 20-in. spherical satellite 


at a height of 200 miles, locating the image in 
the confusion of stellar images Is not too serious 
a problem. However, when the object ts as faint 
as the ninth magnitude (a similar satellite at a 


height of 1000 miles), finding the image in the 
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dense star background requires an experienced 
observer. The relatively rapid angular motion 
back- 


ground certainly helps in the identification of 


of the satellite with respect to the star 


the satellite image. For a satellite at a height of 
200 miles, the image moves 13 mm on the film 

1 sec; however, the image of a satellite at 
mm in the same time 


that 


1000 miles moves only 


It is obvious, then the identification 


difficulty increases rapidly with the height of the 


satellite. The situation is even more difficult for 


a probe-type vehicle not only because of the 


; 


increasing faintness of the object, but also be 


cause the principal component of its velocity ts 


along the line of sight rather than 
An even 
determination of the position of 


For 


surrounding 


aCTOss 
n tne 


' 
ICS 


tne 


problem 


more ro 
nore Ss iS 


le 
Satellite 


image this several stars closely 


rpose 
the identified and 
their positions 


nm) tound 


declin 


The > te 


different nature 


ascension and 


Star catalog essentially tw 


types o 


Star Catalogs of a One type 


+i 


of catalog lists individual measurements 


positions made in a u rm 


system 


q 


called tundamental « contain tl 


numbe! 


tions and proper motion a 


well distributed over tl cy. Together 
value of the con 


the 


Ihe data in 


numerical 


Stant of prece 


they define co-ordinate system 


epoch the catalog are sufficient to 


calculate the co-ordinates of each fundamental 


star for any moment in the past or future. In 


this fashion the reference system remains 


defined for any instant 

Fundamental star catalogs are developed 
from a critical analysis of great numbers of star 
which essentially record 


catalogs positions 


measured with meridian circles or occasionally 
other techniques. By the analysis the systematic 
errors which usually are present in the catalogs 


of individual positional measurements are 
reduced 
The establishment of fundamental catalogs is 


one of the major problems of astronomy. At 


the present time the most outstanding catalogs 


of this kind are the Dritter Fundamental-Katalog 
des Berliner Astronomischen Jahrbuchs (FK3)@ 
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ARGE CAMERAS 


and the General Catalogue by Boss (GC). Both 


have extremely small random and systematic 


The FK3 contains 1535 bright stars and 
33.34) 


sphere it 1s 


errors 
the G¢ 


degrees in a 


Since there are 41,253 square 


obvious that these 


catalogs are 


not meant for the photographic 


determination of positions and usually are not 


suitable because there are in general not enough 


catalog stars in the near vicinity of the object 


to be measured. Efforts to provide catalogs of a 


semi-fundamental nature containing large num- 


bers of fainter st for reference purposes are 


under way but these catalogs are not yet avail- 


Instead must consult individual 


one 


of which a large number 


ngs of Star positions 


available. Such catalogs frequently cover only 


zones in the sky and their a 


isolated 


differs considerably. A major 


requiremet! is the lack of knowledge 


DOSITIONS of 


the 
at which they 


e observ used as 


stars. their positions must be known 


erence 
the instant at which the plate to be measured 


Many years ol! 


>t 


have 
Without 


the 


taken decades may 


ween these two epochs 


individual proper motion of 


mputation of the position of the reter 


the new plate epoch is of much 


accuracy than that of the positions for 


ginal catalog epoch. Selection of a suitable 


set of reference stars a 


nd transformation of their 


individual co-ordinates into a uniform system 


is not always possible in a satisfactory way 


When the celestial co-ordinates of the refer- 
ence stars have been established, the next step is 
find the co-ordinates of the 


to use them to 


satellite. The reference star images should be as 
close as possible to the satellite image; results 
are best if thei geometric arrangement Is of a 
certain pattern with the satellite image close to 
their 
The 


decision concerning which reference stars to use 


the center of the configuration, and if 


brightness is similar to that of the satellite 


is one which should be made by an experienced 
The location of the star 
then be 


on the film in an arbitrary 


and skilled operator 


and satellite images must measured 


system of plate 
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co-ordinates. and this information reduced to a 


satellite position in celestial co-ordinates. It ts 


obvious that tl whole procedure 
rapid calculation 


ghiy accurate 


f)-t hh} 


camera 


to the gimba 


Varied 


body to track with a speed w 
between zero and 120’ of arc/sec 


4961 a 


this tracking camera was developed (Fig. 1) 


nae ysiem oaqmed Versio oO 
Under Systen modified rsion of 


The major modification ts in the mounting and 


drive of the camera. The Space Track cameras 
can be used in the original fashion, but they can 
also be converted in a matter of minutes into an 


instrument with equatorial mounting. The base 
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of the mounting can be tulted in such a fashion 
that the vertical axis becomes the polar axis, 
an axis parallel to the axis of the Earth. The 


gimbal axis which stays horizontal in_ the 


altazimuth arrangement becomes the declination 


axis rotates the camera around the 


polar ax sidereal rate. The intersection of 


the opt axis with the celestial sphere de- 


scribes circles parallel to the celestial equalto! 


Desirable as the altazimuth arrangement ts for 


ast moving satellites at low altitudes 


tracking oO 


Baker—Nunn satellite tracking camera in the 


equatorial arrangement 


an equatorial mounting 1s preferable when the 


angular velocity of the vehicle is comparable 


with the angular velocity of the daily motion of 


the stars or less than that (satellites in high 


orbits, space probes, etc.) 
Ihe data read-out technique under develop- 


ment does not remove the need for reference 


Stars entirely, but no measurements of relative 
Stars on the film or 


positions of reference 


identification of these stars is required, and 
neither is any appreciable data reduction. There 


are two major steps in the technique: detection 


of the vehicle image and co-ordinate read-out 


Both steps are accomplished with the help of an 
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“blink 


microscopes 


called a miscroscope™ 


Blink 


astronomers for a long time to discover 


optical device 


(Figs. 2 and 3) have been 


used by 


moving objects or stars of varying brightness 


by comparing two photographs of the same 


region of the sky taken at different instants 


Fig. 3. Blink microscope 


The observer inspects the plates in the field of a 
microscope of moderate power. A manual or 
automatic device permits him to switch from 


one plate to the other in a rapid sequence. The 


POSITION DETERMINATION WITH I 


ARGE CAMERAS 


two plates are arranged in the optical train in 


that the star configuration 
field 


field while the 


such a_ fashion 


matches in the microscope [he images 


appear stationary in the view is 


switched from one plate to the other except for 
ed during 


the image of an object which has mov 


MmICcTOsSco 


| 


detection oO comparing 


takel 


especially 


more \V \ 1 frames 


adjacent oO! 
Bake! 
designed blink micr pe Is 1 in which the 


blinking rate can be varied betweer 


with a 


and 


ZeTO 


five switches per second, and the field of view 
be changed by changing the magnification 


13 


accommodate 


can 


[he lowest magnification 


full 


6 and 


allows to the width of the 


film 


of a few minutes, depending somewhat on the 


Inspection of a pair of frames Is a matter 


density of the star background 

The difference between this blink microscope 
and the conventional type lies in its third optical 
the 
this 


channel which serves for the read-out of 


co-ordinates of the satellite image. In 


channel a properly selected portion of a star 


map on film can be inserted. This star map has 
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exactly the same appearance and shape as the 


satellite films except that its various sections 


fields of the celestial sphere 


field of the 


cover 15 15 


rather than the 5 30 usual 


frames. Each section of the star atlas carries a 


grid of co-ordinates in the equatorial system of 


right ascension and declination. The observer 


adjusts the satellite frame and the atlas sheet so 
that the star background in the vicinity of the 


satellite image appears stationary in the eye- 


piece while blinking between the atlas section 


and the satellite frame. Then the satellite 


co-ordinates are read by a simple interpolation 


between the co-ordinate grid wi 
an eyepiece reticle 


The Baker—Nunn 


photographing fields of 15 


cameras 


fore. the standard sheets ol 


obtained by making a mosaic composed 
5 0 


Witl 


the photographs requir 


Ce { 
pieces cul irom 


smaller photographs 


these remarkably 


covering the entire sky 
fast cameras al 


be obtained in a few good ni 


time the sixteenth stellar magnitude 


limiting magnitude of 


he co-ordinate grid 
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imposed. The final star atlas sheets on a film 
base will then be produced by rephotographing 
the mosaic with the superimposed co-ordinate 
grid. The grid will be established in the system 
of the General Catalogue (for the epoch 1950) 
[he 33,342 stars of the catalogue will serve for 
the orientation and adjustment of the grid 
Ihe complete atlas will consist of about 240 
film sheets between glass plates and will cover 
the entire celestial sphere 

The atlas is primarily intended for the quick 
data read-out of films taken with large satellite 
tracking cameras. It will, however, also be a 
very valuable astronomical atlas which realistic- 
ally represents the sky as it appears on large 
field photographs. Its major advantage is the 


superimposed co-ordinate grid, which permits 


fast orientation and identification of celestial 


objects 
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MISSILE TRACKING* 
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Massachusetts Institute of 


Abstract 
} 


designed as a research 


The tracking radar facility at the M 


' 


ot digital data processing equipment, includ 


extensive applicatior 


nature and the performance of both the radar system and the data processir 


this report and an 


and results of several specific operations are d 


INTRODUCTION 
The Millstone radar was conceived at Lincoln 
Laboratory in 1956 as a research tool in the 
study of high-power radar techniques at u.h.f 
The size and proposed performance of the radar 
excess Of any system 


were considerably in 


prototype up to that time. It was believed 
necessary, in order to cope with missile detection 
problems, to meet in a practical way the unknown 
problems which might be encountered in 
realizing the design parameters of a system of 
this size 

The radar went on the air in October 1957 
shortly after the launching of the first Soviet 
Successful detection of this object was 
October 17. In April 
conical-scan tracking feature was added with 
that track 


targets across the sky for a number of minutes, 


satellite 
achieved on 1958, the 


the result Millstone was able to 
while obtaining continuous position and Doppler 
measurements. In mid-1958, the CG 24 computei 
was completed by Lincoln Laboratory and in- 
Millstone Station. With the 
suitable programs, Millstone 


became capable of generating ballistic-missile- 


stalled at the 


availability of 


trajectory impact predictions and of supplying, 


almost automatically, satellite tracking data 


Improvements to both the radar and data 


processing capabilities are continuing 


* The work reported in this paper was performed by 
Lincoln Laboratory, a center for research operated by 
Massachesetts Institute of Technology; this work was 
supported by the U.S. Air Force 


Technology. Lincs 


stone Radar Statior 
tool in the study of high-power radar 
ng the solid state computer CG 24 


to the detection and tracking of earth satellites 
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Laborator 


of M.1.T. Lincol 
With the 


Laboratory was 
1ddition Of a compiex 


the Station has found 


techniques 


missiles and space probes. The 


g equipment are described 


outline of the data processing programs currently | ise in CG 24 ts given. The nature 


iscussed 


It is Our purpose here to describe and discuss 
the more interesting portions of the Millstone 
complex of equipment, the overall performance 
of the system, and a few of the more interesting 


experiments which have been performed 


THE RADAR SYSTEM 
(a) Millstone Radar ¢ 


[he basic parameters of the Millstone radar 


haracteristics 
are given in Fig. | 


(b) Antenna 

The antenna system shown in Fig. 2 consists 
of an 84-ft paraboloid on an elevation-azimuth 
(el-az) mount. R.F. power arrives from the 
transmitter through the rectangular waveguide 
shown along the ground, and through the 
circular feed horn shown at the focal point of 
the paraboloid 

The azimuth circule is 90 ft above the ground 


The 
90 tons 


rotating structure on the tower weighs 


Sixty-h.p. d.c. motors provide slewing 


rates of the antenna of 4°/sec in azimuth as 


well as elevation. Accelerations up to 3°/sec* may 
be obtained 

4 turnstile junction, the square box behind 
the horn, permits the transmission of plane or 
circularly polarized waves. Control is by adjust- 
ment of tuning stubs which are bent up to form 
a U behind the feed horn. The symmetry of the 
junction permits simultaneous reception of both 
the polarization transmitted and that which is 


orthogonal to it. The conical scan is derived by 
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Frequency 440 Mc's 


ntenna 84’ paraboloid 
2 beamwidtt 

37 dB gain 

Dual RCVG. polar 

Conical scan trac 


2 3-cavity klyst 
60 kW ave 
1-0 MW pk 


, 


2000 usec pul 











give a beam squint ¢ om the ; Pulsed 1 is generate 

of the reflector mitter shown in Fig. 3. The klystrons are of the 
modulating anode type so that high-power pulse 
transformers are unnecessary. D.C. power ts 
continuously applied, and the electron beam is 
switched by a pulse applied to the modulating 


anode 


Syvelen 

Ihe same oscillator complex used in syn- 
thesizing the transmitted frequency serves to 
provide the several local oscillator frequencies 
for the receiving system as shown in Fig. 4 
In this manner, shifts in the final 200 ke/s inter- 
mediate frequency from the receivers can result 
only from a frequency (Doppler) shift in the 
return echo 

Received signals are amplified by para- 
metric amplifiers in both direct and orthogonal 
polarization channels. These amplifiers afford at 
least a 3 dB improvement in minimum detectable 
signal, which corresponds to a doubling of the 
transmitter power. Intermediate frequencies 
of 30 Mc/s, 2 Mc/s and 200 ke/s are used. The 
frequency coherence of return with transmitted 
signal is utilized at 200 kc/s to derive an un- 
ambiguous measurement of the Doppler velocity 


The Millstone Hill radar antenna o* the target 
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(e) Filter Banks and Detection Circuitr) 
The 200 ke/s if 


receiver channels is hard limited and fed to each 


signal from each of the two 
of two banks of 312 crystal filters which serve 


n conjunction with associated circuitry to 


Fig. 4. Block diagram of the Millstone Hill 
receiver—exciter system 


measure Doppler frequency and effect detection 
of the echo signal. The filters in each bank are 


spaced at 160-c/s intervals covering the frequency 


region from 175 kc/s to 225 kc/s which is sufficient 


to include the expected Doppler range for satel- 
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lites. The two filter banks are staggered in order 
to give an effective 80-c/s spacing for cases in 
which above-threshold echoes are detected in 
Associated circuitry permits 


40 c/s for 


both polarizations 


encoding of Doppler to such cases 


ISSOCId 


" 


shown in Fi 5. It will be noted that a pulse 


generated by detection of the trailing edge of the 


received echo samples the reading in the range 


countel Ihe range counter is reset to zero by 


‘ 


the trailing edge of the transmitted pulse. The 
Doppler coding nets code the number of the 
hlter having the greatest response. Further 
logical circuitry, not shown here, is provided to 
combine the information from the second filter 
bank 


data processing complex 


before passing to the remainder of the 


({) Detection Capability 

Performance of the system is such that single 
obtained on a I|-m?* 
1000 


miles. A plot of the computed detection capability 


pulse detection can be 


target at distances in excess of nautical 


can be seen in Fig. 6 
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Typica 


quantitative 


C overage 
look Millstone 


ies may be of interest in gaining 


(g) 
\ 


coverage geom 


at typical 


“tr 
Ctl 


a feeling for the capabilities of such a machine 


Figure 7 shows the plot on a map of a typical 


track of the instrument package of the Sputnik 


Iii (58 Delta Il) satellite, an object which has 
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and 


exhibited a peak cross section of about 20 m?* 


section below 1-0 m* 


The shorter (900 


and which has a 


CTOSS 
about 30 per cent of the time 


nautical miles) acquisition range is selected in 


DIGITAL 
CODING 
NETS 


DIFFERENTIAL 
AMPLIFIERS 


DOPPLER 
NUMBER 


——~» 


COUNTER 


| target cross section 


order to increase the probability of acquisition 


to almost unity 


Figure 8 shows plots of typical missile tracks 
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as observed at Millstone. In each case, the _ rising exponentially to 68 per cent of maximum 


tracks are limited by horizon at both ends amplitude in 2 msec, then decaying. Echoes fron 


the Moon are distorted and elongated due to 
(h) Nature of Echoes 


varied distances of portions of the Moon’s 


Echoes of the 2 msec transmitted pulse’ surface. Pulse-to-pulse changes of the late 














Fig. 7. Millstone H overage on 58 Delta II satellite (Sputnik Ill) 


reflected from the Moon, aurora and a satellite, portions of the echoes arise primarily from lunar 


respectively, are pictured in Fig. 9. The satellite libration. At 


periods of low libration, these 
signal, which was obtained from the first 


changes take place at a correspondingly low 


Sputnik, is characteristic of the filter response rate 
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mputer 


} 


MOON 


DATA PROCESSING 
Venera 
block 


processing equipment for the 440 Mc's tracking 


I iZure 10 Ss a the data 


diagram of 


svstem. Echoes from the receiver are detected 


n either direct o1 
When 


are sampled as digital information 


orthogonal Doppler filter bank 


an echo is present, the angles and range 


Ihe Doppler 


Hi 
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~314-4930 


SATELLITE 


a satellite as seen by the M 


frequency corresponding to the output from the 


most strongly responding filter coded in 


Is 


digital form. All data, including range, range 


rate, angles and time, are coded in both binary 


and decimal form. Decimal data are con- 


tinuously recorded on a_ high-speed printer 


shown in the top center of Fig. 10. Binary data 


are fed to a computer via a buffer. The buffer 
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programs oO 


vCl 








A list of the data b ¥ sent to the compute! 


shown in Fig. Il. Column shows 


the total 
number of binary bits for each of the measure 


third 
magnitude of the least significant bit handled 


ments of column |. The column is the 


the quantizing interval 


(b) CG 24 Computer 

The computer, which can be programmed to 
process tracking data in real time, has capabili- 
ties as summarized in Fig. 12. Three live registers 


permit direct storage of real time radar tracking 


in prediction, the study of 


techniques, the study of the data per se 


research into the various operations done by 

radar of the type at Millstone. The presence oO 
an integrated computer allows one to simulate 
and study scanning and acquisition techniques 
tracking performance and measurement accuracy 
Most error studies of orbit parameter predictions 
radar have assumed 


based on measurements 


Gaussian distributions which, of course, may not 


be valid. The type of error distribution is directly 
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measurable. and in some cases may 


pin-point 
in unexpected source of bias erré 

In the operational mode, CG 24 either stores 
ec unprocessed binary 


storage. | data 1s 


data I< 
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and 


data” refers to the fact that the minimum con- 
venient number of measurements are used which 
determine the orbital elements 


One 


are sufficient to 


of the trajectory.) program frequently 


used 1S a semi-automatic routine 


prediction 


which requires only that the actuate 


operator 


» indicate end-of-track. This program 


ft the results of redundant data 


iwc 4 


rocessing by repetitive use of different combina- 


mum data and averaging the 


<d that normal 























against 


tne Case 


S made ava 


IT 


, , e 
ype tapes al 


rams puncn telet\ 
v bh e 
ay vv sent 

auically the shortest possible time 

racking Of mussile fil 


Wallops Is 


which impact predictions are made. For ballistic 


ngs from Cape Canav- 


and result in data from 


trajectories several minimum data impact pre- 


diction programs are available. (“Minimum 


) n 
ation 


vielding 
raged points 


of the program 


ormed into sets. For predic- 


using three-position measure- 


sets: sets 2 and 


s divided into five 
Combinations of positions from 


are 


to determine 
100 


used impact 


points ly results in to 200 


norma 
predictions 
oe 


of the center of this scatter in diagram 


All predictions are plotted on the 


display along with latitude and longitude 


Grid lines are formed through the computed 
to 
standard 


the In 
ol 


deviation of the two dimensions of the scatter 


center ol diagram addition co- 


ordinates impact, such data 


as 
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naximum height 


e printed in the upper 


of the display. Provisions 


bad position data points 


Fig. 14. Scatter 
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phase, the end-of-track signal is 


. 7 . 
given C 


computer by an operator when the target 


disappears or becomes too erratic to track wel 
Automatic predictions and display then occur 
j 


giving impact data in about 30 sec after end-ol 


track 
Figure 14 shows a scatter diagram of t 
The total 


10 miles wide 


described above spread here | 


miles long by Averaged data 


printed and displayed following predictior 


photograph of a display of averaged data take 


on 58 Epsilon, pass No. 3050, is shown in I 
Explorer IV 


SO in. long by 6 In. In 


This is the satellite, a 
diameter. Time 
abscissa beginning w 


the 


Grid 


sented along 


acquisition spacing Is min 


curve is azimuth angle (which passes 36 


bottom at 0°). Doppler 


re-enters the 


appears the S-shaped curve, beginning 


20,000 and ending at 20.000 


The 


reaches a 


it SCC 
peaked Curve s elevatior 


maximum of 47° while rar 


diagram of predicted missile impact points determined by repetitive predictions u 


minimum data equations 


by operator intervention through the Flexowriter 
Re-evaluating the impact prediction then may 
follow 


In summary, averaging occurs during tracking 


as a parabolic curve with a minimum value of 


400 nautical miles. The target was lost at about 
1100 miles. (An ana 


a tumble period of about 12 


ysis of the raw data shows 


sec.) 
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nredi 
prediction 


tecnniques 


On 


; 


ctober and 
ic second 
M llstone Lo 

ge burn-out 

was furnished via telephone t 


oO aid in 


e firing range 


( guidance recul lor 


Many other experimet f various 


process, including high-power 


ent testing, Moon bounce communica- 
aurora transmission and reflection effects, 
Venus echo measurements, interferometer studies 


meteor echo studies 
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(d) System Improvements 
It was mentioned earlier that system improve- 


ments with respect to both equipment and 


techniques constitute a major activity. Two 


of the more important hardware developments 
are the installation of a coded pulse transmitter 


receiver developed by Siebert and Kraft, and 


the installation of a synchronous detection 


system, designed by General Electric. These 


range 

espectively, by approx 

tude. New parat 
under test in 


igures ol a | 


the orde 2) 
is being installed for 
storage 


Amplitude 


digitizers are also being installed to facilitate 


the study of cross section 
As an 


studies, Figs. 16,17 and 18 depict the preliminary 


example of system improvement 


results of error distribution in range measure- 
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ments 


Range is determined by differentiating 


the output of matched filters (see the waveform 
on Fig. 5). Each determination is based on single 
pulse detection and as such is an independent 
range measurement. The plots are derived fron 


canned raw data for a missile track, hence, many 
signal amplitudes are represented 
Figure 16 is a distribution of range measure- 


ments normalized in range. Errors of more thar 


wn to contribute 


For 


before true 


bution weak signals, noise 


tions interprete 


range and 1s rp 


range too shor This accounts for the 


Also, 


cause the decay slope to 


to the left of the peak weak Sig! 
r 


disregarding noise 
flatter than any fixed system setting and yield 
some measurements above true range 


Dis 


similarities among the filters contribute to the 


range 


This is the shoulder above the peak 


half width of the distribution as do inaccuracies 
in normalization for the plot. Strong signals have 


the tendency to produce ranges slightly short of 
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-30 


RANGE ERROR (Nw 


vering the time region 
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true range by having a steeper slope than that 
tor which the system is set 


Figure 17 shows the same data after being 


Notice 


some of the 


exposed to the data averaging program 
that in addition to throwing away 
poor ranges, the program decreases the number 


of good points by about 30 per cent 


Figure 18 is the output from a digital filter in 


CG 24 which has the effect of making the distri- 


bution more symmetric. An analog range gate 


of narrow width (700 usec) derived 


from the 


conical scan tracking gate duplicates the 


distribution shown in Fig. 18. Single 


pulse 


range determination equipment which shows 


even narrower and more symmetric 
distributions has been developed by A 
of Lincoln Laboratory 

Controlled experiments 
noise ratios are in process to 
adjustment of threshold fo 


possible automatic assignme 
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errors in prediction programs according 


measured amplitude 


CONCLUSION 
Millstone Station 


successfully as a 


In summary, the has per- 


formed 


missile and satellite 


tracking complex for nearly 2 years. The 


versa- 
tility of the available equipment has permitted 


useful participation in many experiments in- 


volving space probes, satellites and special 


missile firings. Basic radar accuracies are limited 


primarily by the use of conical scan tracking 


the use of a long uncoded radar pulse 


The latter 1s being remedied by pulse com- 


pression, but the basic angle accuracy will not 


improve much, for tars with scintillation 


unless a monopulse feed 
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Abstract 


INTRODL CTION m employ- 
es, but als« 

hniques adapting 

precision tracking 


iv as the nearer 


trate the use 
describing 
them. The 

is called the 
nominal design 


es with a low-gau 


Fig. | Azusa Mark | installed at Cape Canaveral, Florida 
Photo taken shortly after system was put into operation 
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(14 dB) space vehicle antenna. When used with 
a high-gain (34 dB) antenna the useful range is 
extended to 2 10° nautical miles and the system 


becomes the 2-10-9 System 


Fig 2 


BACKGROUND 


In the Azusa systems, range is obtained by 


measuring the phase delay of modulation signals 
transmitted from the ground to the trans- 
ponder which offsets the carrier frequency and 
retransmits the modulation signals back to the 
ground 

A special feedback technique is used which 
employs the same klystron for transmitting as 
oscillator in the trans- 


well as for the local 


ponder The use of feedback allows extreme 


precision in range measurement by including 


variations of delay in the 1.f. amplifier in the 
feedback loop 

In order to provide very sensitive measure- 
ment of range rate, a coherent carrier modifica- 
tion was added to the Azusa ground stations 
and to most Azusa transponders in current use 


This 


microwave 


modification involves phase-locking the 


klystron oscillator in the trans- 


ponder to a_ received reference frequency 


IDANCI 
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The klystron is locked in phase to within 
fraction of a radian of the reference phase a 
Mc/s by 


Since 


SO00 means ol 


lock 


Irequency ol 


feedback loop must 


gain 


Azusa Mark Il during setup for tests in San Diego, Spring 1959 


served even under conditions of high vibration 


the bandwidth of the receiver providing the 


reference signal must be several kilocycles to 
allow feedback loop gain at frequencies up to a 
few kilocycles. This is necessary to overcome 
klystron frequency perturbations 

The transponder carrier phase is locked to the 
carrier signal received from the ground station 
multiple of the highest 


offset by a ranging 


modulation that carrier signal 


The 


received back on the ground, when compared 


Irequency on 


carrier phase of the transponder signal 


with the carrier phase transmitted from the 


ground station offset by a proper multiple of 
the modulation frequency, exhibits a one-cycle 
change of relative phase for a change of missile 


range of one-half the wavelength of the 
S000-Mc/s 


of phase change). This coherent carrier (Doppler) 


carrier (approximately 0-1 ft/cycle 


ranging technique in actual operation provides 


a measurement of change of tracking range to a 
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Sensitivity Of abo 


even for IRBM’s _ transmits 
and ICBM’s under 


yr) 


“clean” signals whether or not it ts 
at hundreds receiving a signal. The transponder also has the 


range capability of transmitting modulation signals 
Modifications to incre 


usa } which are a function ofl 


the difference in fre- 
$0,000 nautical miles quency and phase of the signals already 
reduction and correlat tech- described 


and the signals being received by the 


transponder Ihe 


¢ e technique utilized allows a 


“F ; 


under considerauion 


simple nart and receiving system 
trates the basic principle of the 
ne transponder is transmitting 
e diagrams and receiving 
transmitting frequency Its 
ier chain multiplying the 
oscillator 


transponder is shown 


> power amplifier output 


TRANSPONDER 
VEHICLE EQUIPMENT 


STATION 
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PRANSPONDER DOPPLER OPERATION 


the explanation oO 
Straigntto 
auion signals 


carrier (Doppler) operat 


operatio additional nodula 


are discussed 


gnal picked oul 


between the crystal oscill rr and the microwave 


power amplifier | as a second local oscil 


lator signal. It is fed into a second mixer, which 


produces a very low second ir mediate 


frequency. The second 1.f. amplifier has an 


extremely narrow bandwidth. The output of this 


amplifier is fed through a program controlled 


switch to a phase modulator in the multiplying 


chain controlling the carrier frequency. Opera- 


programmer is discussed later. The 


following discussion applies to the transponder 


tion of the 
programmed to transpond received signals. The 
difference in the frequency of the carrier signal 
being received and the carrier frequency being 
a subharmonic /,/N,) 


transmitted (offset by 


modulates the transponder-transmitted signal 
that the 


Gain is limiter-controlled so peak 
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AND COMMUNICATION SYSTEM 


GROUND STATION DOPPLER 
OPERATION 


On the ground the received carrie! 
ipared Carrie! 


(f,.) Wwitl station offset Dy 


harmonic ( / V). A tech 


used in the transponder 


nique similar 
utilized 

The multiplying ratio N in the ground 
is made equal to N, in the transponder! 


block 


output of the second 1.1 


isa diagram of the ground station 


amplifier, which 1s 
difference frequency, ts filtered in t 


(No 1) 


recorded on recorder channel 7 


desired 


tracking filter and is digitized an 
The frequency of the ground station oscillator 


(No 


and recorded on channel 7, 


1), which controls frequency /,, 1s digitized 
Since the digitizer 
read pulses are generated by an atomic controlled 
frequency reference, all digital measurements 
are referred to this “clock” frequence reference 

The carrier component of the modulation on 


the transponder signal due to the transponder 
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LIMITATIONS OF DOPPLER-ONLY 
MEASUREMENT 


ambt- 
beyond 
tracking 
must 
be enough 
that the 
con- 
prevent 
Is comn 
Doppler y measure- 
ground station would 
is of data be made over 
frequency adjustmer t the tervi without signal. Such extrapolations 
e delays would be a maximum < could be expected to introduce cumulating errors 


owever, as ranges inthe millions that seriously limit the accuracy of knowledge 


reached it is probable that best of the transponder range after many days of 


obtained by a skilled operator operation. Although additional ground stations 
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would help reduce this error, the likelihood of 


breaks in data is still high with an attendant 


loss in accuracy 


RANGING METHODS 


Lo overcome the 


requirement for 
continuous data, it is proposed to use modulation 


frequencies superimposed on the carrier to 


allow range measurement with no unresolvable 


ambiguities. This brings up a technical problem 


of providing suitable receiving sensitivity while 


accepting signal sidebands which are spread 


over a re bandwidth 


Ranging 


ranging 


mNncreases 


highest range |{ ) is doubled 

modulating i constant. the sens 
ven signa 
is doubled 

evel 

modu 

index 

widtl For 

Irequenc 

Corre 
developed 


demod lial 


hilteru 


Test setup for dem 


signal-to-noise ratio in a narrow data band- 


Actual 


measurement Is 


bandwidth for 
Such 


width required data 


less than | c/s 


range 
techniques overcome some of the limitations to 
increase ol ranging modulation Irequencies 


Correlation detection circuits are in general 


rather and somewhat 


complicated 


tricky in 


IDANCE 


AND COMMUNICATION SYSTEM 


operation when applied to the problem of detec- 


tion of signals far below the noise at their 


inputs. In general, they are more suited to use 


in ground equipment where careful adjustments 


can be made when necessary, than to 
transponder that may have to operate a 


more unattended 


SIDEBAND FOLDING 


A technique for folding 


PECHNIOUI 
sidebands. to al 


bandwidth reduction before demodulation 


un ' 


1S las Deen unde nvestigati« 


(Astronautics) Divi 


ranging 
at Convall 


yCa©rs 


RECEIVED SIGNAL 
FREQUENCY MODULATED 
INDEX - 1.0 


LOCAL OSCILLATOR SIGNAL 
FREQUENCY MODULATED 
INDEX = 1.2 


RESULTING 
INTERMEDIATE 
FREQUENCY 


the local oscillator in a receiver with a slightly 


different modulating frequency than the modula- 
won being received. This produces a clustering 


of sidebands as shown for one case in Fig. 6 
The block diagram of a laboratory test setup 
and for demonstrating this principle is shown in 


Fig 4 photograph of oscilloscope pictures 
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scope observations of signals formed by folded sideband clusters 


taken for several cases demonstrated with this — bands are filtered out, except the signals remain- 
equipment is shown in Fig. 8. Results are sum- ing clustered around the carrier of the mixed 
marized in Fig. 9. The laboratory investigation signal, the remaining signal resulting from 
was made by Mr. J. A. Webb combining two frequency modulated signals 


It is interesting to note that if all the side- of low index and nearly equal modulation 
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frequency isan amplitude modulation signal 


taining the frequency 


modulating signals 


NON-AMBIGLOLUS RANGING IN THI 


2-10-8 SYSTEM 


The sideband folding technique ts 


modulation ranging capability 


Svstem. The same crystal oscillator 


signals into the 1 iplving chain to provide 


frequency reference for the carrier signal trans- 


transponder also 1s fed into 


mitted by the 
a dividing chain (see Fig. 4). The input to the 
dividing chain and various frequencies tapped 
switch 


off this chain are fed to a sequencing 


which in turn ts controlled by a programmer! 
that receives its time reference from the dividing 
chain and command data. Each position (except 


blank) of 


modulation of the 


one which is the sequencing switch 


allows transponder with 
one of the frequencies from the dividing chain 
By using a sequence of modulation frequencies, 
range ambiguity is resolved 

The signal in the second 1.f. of the trans- 
ponder is amplitude modulated by the frequency 
difference between the modulation frequency 
on the signal being received by the transponder 
being transmitted. The 


and the modulation 


ground station is adjusted to control the modula- 
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ing frequency s so that the modulatior 


frequency will two cycles higher 


the signal reach transponder, than 


being transmitted by 


modulation 


modulation frequency 
transponder. A typical maximum 
Me/s 


shift must be accounted for in establish- 


1 about | thus Doppler ire- 


equency is 
queney 
ing the ground station modulation frequency 

Ihe amplitude modulation on_ the 


ponder will Nave a trequency 


~ 


carrie! 
and wil lily pass through the 
second 1.1 

phase distortion, even th¢ 

centered in the passband 


At the 


from the transponder 


ground stat signal re 
suitable 


and correlation detectors 


4 tracking filter (No 


c/s is used to filter out the signal 


bandwidth of 
produced by the ranging modulation generated 
in the transponder. Another tracking filter 
(No. 2) 


filter out the carrier of the modulation signal 


with a bandwidth of 5 c/s is used to 


imposed on the transponder 
The output of the tracking filter (No. 2) is 
used in determination of Doppler velocity as 
well as being fed to a correlation detector 
(No. 2) used to demodulate the approximately 
c/s amplitude modulation on that signal. A 
tracking filter (No. 4) 


with a bandwidth of 
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track the 2- output from the _ triggering of the transponder more difficult and, 


on detect { properly used, can increase reliability by 
reducing the total operating ttme. Many months 
the trip of a spacecrait to 

hen relatively few trajectory 

in the flight 


approac hed 


OPERATING MODES 
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TRANSPONDER PROGRAMMER 


tenna 
desired a 
from. the 


vide the 
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system with the greater flexibility of being able 
to transmit and receive simultaneously 


\ remotely controlled mechanica wave- 


guide switch is planned for switching the 


antenna with minimum transmission line loss 


For tracking at ranges of hundreds of millions 


of miles, the transmission time is long enough to 


inutes and the 


many 


transmit for 


and receive the signals returned 
ponder. A 
antenna of 


could be used [fo 


OPERATING METHODS 


two ground 


latitudes and 


tages to 

how evel il doc 

sequence might 
Station 

Station 2 1 


4 logical progran 


transmission from Ground 


transponder with Ground 


After ire- 


sequencing through the modulating 


quencies, Ground Station | would be converted 


IDANCE 


103 
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to receive and record the transponder referen 
After Station 2 


received a full sequence of ranging frequencie 


measurements Ground 


transponder recely 
Station 


Ground 


transponded while the 


Station | 


would 


Statior 


Ground Ground 


transmitting 


converted 


| 
would then program through the sequence 


modulations tne! 


WOUTL 


SIGNAL POWER 
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If ranges greater than 2 10° nautical miles 
are needed, these can be achieved by increasing 
antenna gain. Beyond 2 10" nautical miles, it 
would be * to reduce the bandwidth of the 


IBW tracking filter handling this data below the 0-1-c/s 


as long as tracking Is 
rr loss of cycles and 
samplings per cycle 
lower bandwidth can 

t data. Reduction 
isually accompanied 
complications; thus 


tracking should 


dB is considered 


-to-noise 
data signal 
sideband 


tainable and 


PRANSMITTING ON ONE GROUND 
STATION RECEIVING THE OTHER 
such that 
modula 
against a 
reference 
the 
ulation 


during 


the signals 


On | to ¢ lock | 
Ground Station 2 refer- 


to reverse the process by 

SIGNAL MARGIN COMMENTS nitting n i 1 Station 2 the signals 
and to record at Ground 

Station the referenced to Clock | 

the trar By repeating this process and accounting for 

t requires detection known Eart ion, the relative time between 

3 dB convolution losses 1 and 2 can be determined as well as the 

transmittal time to the spacecraft and return 


Since the spacecraft is also in motion, multiple 


transmitted power observations are necessary to determine this 
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motion and to compensate for it. When recor- 
dings are made at the ground stations, the trans- 
ponder signal contains information necessary 
to measure the clock setting in the transponder 
propagation time delay. By recording, at each 
ground station, this measurement simultaneously 
with the signal responded from the other ground 


clock 


at each ground station and 


Station, the relative setting between all 


three clocks, the one 


can be determined 


the one in the transponder! 


RANGING 


+} 


time of the three clocks have 


( Ince tne relatiy ¢ 


been established. the sum and difference ranges 
and the range from either ground station can be 
The 


nonambiguous range 1s of the 


computed sensitivity of measurement of 


ordel 
the knowledge of the 


however, here the error 


velocity of propagation becomes a ! 
limiting factor in converting the transit t 
Assuming the 


at 200 million 


feet of range value of 


to one part in 10 


an error of 200 miles in range would result 


a fundamental error common to all radio 


tracking systems. This ert does not affect 


distance Lo 


During 


the ability of the relate 


transit time which ts > fundamental 
observations a measur! sensitivity to 
of spacecraft range o ft is possible 


about 


principle; however, a frequency drift of 
indication 


The 


detecting 


cause a similat 


one part in 10° can 


and is not necessarily detectable carrie! 


measurement 1S very usetul in largel 


Since 


planet perturbations as early as possible 
there is no prior experience in receiving precise 
ranges, it IS 


ranging signals over similar 


that 


not 


unlikely some new factor influencing 


propagation may be discovered 


DIRECTION COSINE MEASUREMENT 

If two stations separated by a straight line 
through the Earth of 20,000,000 ft in length 
(about 
of 10 ft in determining the difference of range 


3.000 nautical miles) are used. an error 


would result in an error of 10 
20.000.000 or 5 


between the direction of the spacecraft from a 


divided by 


10~* of the cosine of the angle 
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point midway between the ground stations and 
the line between the ground station 
would contri- 


An inaccuracy of this amount 


bute an error, in determining a spacecraft’s 
location at a range of 200 million nautical miles 
of 100 nautical miles in a direction parallel to 


the line between the antennas 


FREQUENCY 
Any frequency over a range of a few hundred 
kilomegacycles could be 
the 


Since both carrier Doppler and 


megacycles to many 


used for transmission techniques 


using 


here 


outlined 


ranging modulation signals are used, it would be 


possible to compensate for large errors caused 


by ionization. The carrier signal 


propagates 


and the modulation 


ate: thus, the mean 
tO propagation 


Howevel! 


possible if 


onization 


since 
continuous tracking Is not is dificult 
precise 


t 


he frequency of 5000 


Mec S IS chose! 


high 


liustration 


enough to avoid significant 


the anticipated ionization 


enough to avoid st 


being so hig 


without 


It is also a frequency which galactic noise 


at a minimum and masers work 


Well 
At this frequency, operation to within a degree 
or so of the direction of the Sun appears feasible 
It may be important to operate within a reason- 


ably small angle o Sun on some space- 


probe trajectories 1 


COMMAND 
The link 


suitable for carrying commands 


from the ground to the missile is 
Subcarriers of 
less than 50 c/s and over 4 c/s can be handled 
by the link. A system feature is that the command 
the 


is automatically repeated as received by 


transponder. One command channel its planned 

for resetting the transponder programmer when 

desired. Others could be made available 
rTELEMETER 


Telemetering subcarriers can be imposed on 
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Only 


one subcarrier at a time is planned and the band- 


the transponder signal in the spacecraft 


width of the data on the subcarrier when 


operating at maximum tracking range should be 


under 10 c/s, although the subcarrier frequency 


! 


| ‘ 
CYCICS 


Cal be l VOTE housand without 
It is planned 


f. signal 


SPACECRAFT ANTENNA POINTING 


yperation 
icie anten! 


adoul 


commanding a 


correction. The 


Sun 


rocket burst for orbit 


radio-determined direction and direction 


can provide the necessary references. If the 


method of applying the correction requires 
changing the direction of the vehicle spin axis 
a gyro would be needed to provide a temporary 
of the 


memory radio-determined direction to 


program the spin axis back after the manceuvre 


GUIDANCE PROBLEM 


In guiding a spacecraft to a near planet, 


either to strike it, to land on it, to pass by very 
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close or to orbit it, there are two major problems, 
even though the vehicle could be controlled to 


achieve an exactly predictable cutoff position 


and velocity 


First, the tnaccuracy in knowledge of the 


Nass Can Cause ahh Cro! 


in spacecraft 
spacecraft clears the near vicinity of 
The 2-10-8 System 


provides precise 


la necessary to compute 


trimming 
for corrections. It also provides 
which commands can be 
needed 

‘d to deter- 

were Salls- 

| additional 
applied 


minimize 


e for inter- 
Mr. Maxwell 


paper on the 


meeting 
the 2-10-8 


and 


range 

1 for additional terminal 
ipplications 

Can Cause a MISS aS 


planet diameters Venus and 


1} < problem Ss inaccuracy 


of the astronomical constant 


th’s distance from the Sun). which results 


t knowledge of how far it is to the 


Ihe 2-10-8 provides 


g accuracy and sensitivity to 


perturbations in the course of a space- 


approaches a target planet, while it ts 


From observations of the perturbations, the 


relative position of the spacecraft and the 


target planet can be established early enough 


to allow trimming velocity corrections to be 


applied to manceuvre the spacecraft to the 


desired course. Several corrections to the space- 
craft as it approaches the target planet may be 


necessary to achieve accuracy with minimum 


rocket thrust. As tn earlier orbit corrections, the 


commands to trimming rockets would be 


transmitted over the 2-10-8 System 
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Control of the impact point or closeness of transmitted to the space vehicle over the 
approach to an accuracy on the order of a few tracking link 
hundred miles appears reasonable Narrow band telemetering can be trans- 
Once the relative position of the target planet mitted over the tracking link from the 


and the spacecralt have been well established space vehicle to Earth 


(best if the spacecraft is put in orbit around the Iwo ground stations. with one large 


target planet), the measurement of range of the antenna each, can provide accurate three- 
spacecraft will also provide a measurement of the dimensional tracking of a spacecraft 
range of the target planet. This will allow a very transponder 

precise determination of the astronomical con- Failure of the ground-to-vehicle radio link 


e if the vel f y pre oa- 
stant in terms of the velocity of radio propaga reduces tracking accuracy but some track 


tion data could still be obtained 


Ihe transponding of range 


SATELLITE TIME REFERENCI 


does not require detection 
. > a . ; ner wioer : 
\ satellite : sa a Wansponds correlation detection circul 


operating on the principle of the transponder of in the tr; 


iL 


the 2-10-8 System could be used as an extreme lete . 
dgetectol 


accurate time reference he orbit could be signals 


a 
“te 1 " » ‘ 7. . )& ‘ . Or 
determined accur: ie 2-I( System Power is conser 


ower power short-range version, in orde! ' 

er | . ' . . ting the transponder 
Ww i ri irre ) ir transmission t 

all sccurale Cx oe SEISEEISSNS control only when needed 


and changes in transm! yn 
(j;uidance accuracy to 


4 microwave receiver could receive tl 
the target planets on the order of 


transponder clock signals 
hundred mile onsidered 


frequency relating it to higher accur: 
withou f additional termina 


station clocks. It 1s estimated that if a version 
ance 


this system were utilized for this purpose 
These techni an De extended 
time between ground stations any place on 
design of ime standard satellite wh 
Earth could be established to within a sm iy 
*stablish 


L 


fraction of a microsecon 


Operatio range 2 nautical 
CONCLUSIONS 


miles (twice the distance of Saturn) 
Techniques described in this paper will allow ;, ; = 
appears reasonable with reasonably hig! 
the design of a tracking, guidance and com- ie 

gain vehicl Vehicle stabilization 
munications system with the following features ; 
spin axis along fr line of sight 1s 


(1) Guidance and execute commands can be assumed 
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Abstract 


a verti 


1. INTRODUCTION 
Ihe stabilizing properties of gyroscopes used 


in guidance systems characterized by the 


are 
fact that the output signal of a gyro represents 


the deviation angle from a reference direction 


fixed in inertial space. The orientation of this 


reference direction in space is completely arbi- 
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Hee 


SSD 


WISNIEFI 
1 Aircraft ¢ 


nsterring azimuth information 


the polarimeter by modula- 
rived from this type of transfer 


\f 


the reference direction 


a manually adjust- 
40 ft 


and 


i vertical separation ol 


trary as far as the gyro is concerned. In order to 


derive useful information from gyroscopes in 


solving navigation or attitude control problems, 
it is therefore necessary to provide initial orien- 
tation signals to the gyros. The process of impos- 


ing the initial orientation information on the 


guidance system may be performed in a variety 


mt 


rae 


nL v 
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_ MODULATOR 
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of ways, including caging to a mechanically 
oriented framework, erecting to the vertical as 
dictated by pendulum or acceleration signals, 
slaving in azimuth to magnetic signals or align- 
ing by optical means to benchmarks or stars 
The vertical azimuth transfer system described 
in this paper belongs to the class of optical 
alignment systems. It is distinguished from other 
optical systems by the 


property of measuring 


Fig. 2 


angular rotations about the line of sight in 
contrast with the familiar autocollimating system 
which measures rotations about axes at right 
angles to the line of sight. It thus complements 
the autocollimating system so that the align- 


ment is completely definable by transmission of 


optical information along a single line of sight, 


or at least parallel lines of sight, as shown in 
Figs. 1 and 2. 


The transfer of azimuth information from 
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one horizontal plane to another is accom- 


plished by referring to the plane of polari- 


zation of a beam of light transmitted in a 
Thus the basic instrumenta- 
The 


utilized in 


vertical direction 
tion required is essentially a polarimeter 
same technique can of course be 
transmitting rotational information along lines 
of sight that are not vertical; however, in most 
applications roll and 


missile alignment pitcl 


PITCH MISALIGNMENT 


~— ANGLE 


MISAL 
ANGLE 


, PITCH MISALIGNMENT 


GNMENT 


Autocollimator system 


information is readily available internally from 


gravity-sensing accelerometers or pendulums 


whereas the azimuth information must be 
provided by external means 
The 


polarized light has three major advantages over 
azimuth 


vertical azimuth transfer system using 


some other optical or mechanical 


alignment systems. 
In the first place the system can be easily 
calibrated used variations in 


and over great 
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range of vertical separation. Since the plane of \ disadvantage of the system ts that any 
polarization of the beam is not measurably windows interposed in the path of the polarized 
rotated by passing through air even over very light beam must be made of strain-free material 
great distances, an alignment calibration carried to prevent rotation of the plane of polarization 

zero distance of separation Is i ast to assure that the rotation is constant 


where along the entire useable that it can be compensated 


.f yh 
signt 


BASIC INSTRUMENTATION 
preeision 


m the 


cally 


icn as 
Weal 


ion 


muth 


high 


ent bulb 

1 towards 

ittached to 

the mechanical structure aligned to the reference 
directior The plane ol polarization or the light 


iIpplHcauons Is thi ine system can emerging rom the polarizer then , ies the 


tiv without any additional reference direcuion along tne ine | sight 


nstrumentation by reference to the plane of towards the receiving unit \fter passing 


polarization of light from the sky, which ts_ through a modulator, which will be discussed 
oriented at right angles to the azimuth of the _ later, the polarized light ts sent through a second 


sun prism, called the analyser, which is rigidly 
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attached to the mechanical structure aligned to replacing the sine of the small modulation angle 


the direction whose angular orientation is to be _ by the argument yields the expression 


measured. If the polarizer and the analyser are sin wr)? D 


“crossed, a minimum of light will pass through 


the analyser. This light is collected and focused 


on a photo detector where it is transformed into 


(/ c / 
an electrical signal. Subsequent amplification 
and processing e signal then ‘rves 1 
indicate 


ZeTs 


not on 
CTOSSC( 
to tur 
modu 


plane 


phot 
relat 
and tl 
mauior 


outpul 


fundamenta 


Ihe modulator Output signa rm ruional 


will cause a harmonic oscilla 


the plane of polarizatior that the amplitude of the output 
following equation signal 1s affected by the intensity of the incident 


illumination and by the amplitude of the 
[ e the 


sin wi modulation 


where ¢ angular offset of po 


The derivation above is only valid for perfect 
ariZers J 


peak amplitude of modulation harmonic modulation Imperfections in the 


modulator cause errors that appear 
angular frequency of modulation _- PPS 
drift in the signal 
time 


as jitter o1 
For high precision polari- 


meters, it is therefore important to provide a 
Substituting equation (2) in equation (1) and closely controlled modulation signal 
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.2 Special System Components 


Ss reduced 


he illumination whicl 


+} } . ; lemen 
we aosence oO ese creme 


igh brightne source and system ol 


minimum diver are therefore required 


For best operation, the light source should also 


be geometrically stable and have a minimum ol 


noise component at the modulation frequency 


5,5 


Polari ers 
The polarizer pair must be carefully selected 


to give adequate system accuracy. Polaroid 


elements are desirable since they may be obtained 


in large cross section and hence permit an optical 


ROBERT E. WISNIEFF 


and 


SIGNALS 


UTPUT 





LNess 


easurements made 


' 
samples ‘peatable 


the 


arious areas of t same 


requiring accuracy in the 


1S material would have to be 


and checked at frequent 


exposure to a higl ntensity 


a gradual deterioration of the 
operties 
natural crystal, such Glan 


Carefully cut as 
Thompson calcite prisms, show excellent unifor- 
mity in the plane of polarization but are some- 
what limited in both aperture and field angle and 
consequently contribute to the design problems 
of the optical system. In some applications the 
better accuracy of the prisms may have to be 
sacrificed in favor of the greater aperture, in- 


creased field angle and flatness of polaroid sheets 
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2.2.3 Vodulator 
The 


Faraday 


modulator in this system 


effect, which is the rotation of 
plane of polarization suffered by a beam of light 
passing through certain transparent media in a 
direction parallel to a magnetic field. The rotation 
IS proportional to the magnetic field intensity 


and the path length, as expressed in the equation 
VHd 


rotation of plane of polarizatior 
Verdet constant 
magnetic field intensity 


path length common 


field and transparent 


If alternating current is applied to tl 
generating the magnetic field. the 


ntensity varies harmonically 


Substituting 


equa 


‘suits in the desired modulati 


The identity with eq 
{ the modulation amplitt 
relation 


VH 


diulator thus c« 


A suitable mi 
if wire through which alternating current 
a core of dense flint glass 


This 


The line of sight passes 


and which has 


Verdet constant assembly 
( ell 


along the axis of the solenoid assembly through 


high 
familiar Faraday 
the glass. According to equation (7) the rotation 
is in phase with the magnetic field which ts in 
phase with the current through the coil. Hence the 
required for the 


modulation reference signal 


phase sensitive demodulation of the photo- 


detector signal is derivable from the current 
through the Faraday Cell 
The Faraday Cell as a modulator is preferred 


for this application because it has no moving 


parts that could introduce jitter or suffer from 


utilizes the 
the 


TH TRANSFER SYSTEM 


problems associated with mechanical motion 


such as wear or lubrication difficulties in opera- 
ting at the extreme limits of a given temperature 


range. Variations in temperature have to be 


considered, however, because the strain pattern 


in the glass of the cell affects the operation of the 
device 


Since the sensitivity of the system increases 


linearly with the polarization modulating ampli- 


tude, every effort must be made in the design of 


the Faraday Cell to produce maximum field 


intensity solenoid. A solenoid 


wound tape and mylar insulation 


has produce a strong field with 


minimum power input. Since the output infor- 


mation rate is determined by the frequency 


voltages 


applied to this high-Q coil ier hig! 


may exist across coil at the frequencies 


nsulation characteristics 
care 
| araday 


Verdet 


strains 


he glass used ») produce 
rotation must ( ynly laVe «¢ high 


consti u 1] u al } ; ree I 


minimi 


components Ef 
n the glass should 


the sidewalls witl 


paint A elin mat 


. ao i 
al-to-noise ratio under low 


. | | | > 
t levels photomultiplier tube was found 


to be the best detector. However working 


with a tungsten filament source, the sensitivity 


of a lead sulfide detector 1s as great as that of the 


photomultiplier. The lead sulfide detector may 


be preferred for a number of applications since 


it is smaller and requires less complicated 


associated circuitry 

The lead sulfide detector also attenuates the 
leakage at the blue end of the visible spectrum 
which is an advantage when polaroid elements 
used 


are To obtain maximum signal-to-noise 


ratio it is desirable to choose a detector of 
minimum size and to use a collecting lens to 
concentrate the illumination emerging from the 


analyser 
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In the electronic circuitry it is obviously 
essential that the amplifier have stable gain and 
phase shift characteristics. The phase sensitive 


demodulator is required to have an 


rmonic 


compone 


be obser 


technique 


azimuth tran 


device, merely indicating whet! 


| 
) 


one of the polarizers Sa gnt angie 


ew seconds « 

minutes of arc depending upon the 
noise limitation characteristics 
equipment 

It is, however, also possible to perform 
angular deviation measurements because the 
current which modulates the orientation of the 
polarization plane in the Faraday Cell can also 
be used to insert a direct-component offset angle 


of known magnitude. This application is 


sketched in the block diagram of Fig. 5 showing 


and ROBERT E. WISNIEFF 


a high-grain feedback loop which automatically 
adjusts the direct component of the Faraday 
Cell current until a null is obtained. The d.c 


the Faraday Cell current then is a 








Lie ° rn 
g. 6. Platfo 


linear measure of the angle of deviation between 
the two polarizers 

[hree applications of a nulling vertical azimuth 
transfer system are shown in Figs. 6, 7, 8 and 9 


From the point of view of precision, the system 
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in Fig. 6 is preferred. One of the polarizers is which reorients the analyser until the alignment 
mounted directly on the stabilized gimbal of the error vanishes. When this condition is attained, 
gyro platform to be aligned. Its orientation is the heading of the missile frame has in effect 


compared with the orientation of the analyser been transferred to the orientation of the analyser 


~~ 


ea 


* 
7 


—-o., Ve i 
>t & 


(er 


ground. The resulting electrical 

from the processing unit 
to precess the platforn 
polarizer) until the alignn 

When this condition 
tion of the platform in ¢ 
the analyser, which has previously been alig 
to the desired platform heading. The desired 
platform heading is usually defined by the plat- 
form heading angle, measured from an azimuth 


reference such as geographic north, which ts 


ececse@eeo a ood 


introduced into the base of the system by star 
sights, benchmarks or magnetic references 
Somewhat less expensive but also less accurate 


is the system illustrated in Figs. 7 and 8, where 


‘ 
' 
' 
- 


one of the polarizers is attached to the outside 


Mem en =e -- 5 


of the missile frame. In this system the orienta- 
tion of the missile frame is compared with that of 
the analyser on the ground. The electrical signal 


resulting from this comparison operates a servo Fig. 8. Frame mounted system, schematic. 
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on the ground, where the heading angle can then’ in the nose of the missile. A standard auto- 
be measured with reference to a previously collimator then provides the transfer link in the 
established azimuth reference such as geographic — horizontal plane 

north. The output from this alignment system ts 
the angle between the missile frame and the 
azimuth reference. This signal would normally 
be used to precess the guidance platform inside 
the missile until the heading angle read by the 
platform is equal to the heading angle of the 
missile frame. The frame-mounted system 
inferior to the platform mounted version 
Fig. 6 > the movements of the 

frame on the launcher, whicl 

severe in the case of flexible struc in a high 


wind, are processed in the loop. These move 





ments are bypassed in the platlorm mounted 


system by the platform's stabilizing charac- 





teristics 
In a third application (Fig the 
information ts transferred verticz in a gantry 


Structure to the level of the guidance platform Be ¢ srtical launch applicatior 


~ 


/ =A! 
— 


Fig. 10. New York Naval Shipyard alignment system. 
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Iwo systems employing the polarizing tech- 


nique described here have been constructed to 
date at Norden Laboratories. One of them was 
designed as a high precision optical angle pickofl 
in a gravity meter constructed under contract 
NOrd 17421 for the Bureau of Ordnance of the 
Department of the Navy 

The other system has been constructed under 
N140(131)61894B for the New York 


Shipyard, for use in transferring an 


contract 
Naval 


azimuth reference direction over a_ vertical 


distance of 40 ft from one deck to another on the 
USS Compass Island. Fig 


the equipment 


10 is a photograph of 
Navy Yard 


ransferring the azimut! 


delivered to the 


Mirrors are used for 
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reference directions in the horizontal planes at 


the upper and lower stations, manual adyjust- 


ments being provided to achieve the required 
The 


of a preamplifier, demodulator and d.c 


null electronics processing unit consists 


ampli- 
fier. The output is a meter indication of the error 


signal. Three ranges of sensitivity can be selected 


by a range switch, nominally adjusting the full 


scale deflection of the meter for the ranges 


of arc 10 10 and 


Performance tests of this instrument 


prove 
that over a 40-ft optical path length an azimuth 


alignment accuracy within 5” of ar 


achieved 
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P 


Abstract \ 


SPECIFIC IMPULSE RATIO (FIG, I 


1 Dre 





GENERALIZED TRAJECTORY CH 
where 


Thus, Fig. 1A isa plot of K versus P¢ for variou 


values of e,, expansion ratio. The plot in Fig. 1B 
irom equation (6) using the appro 


value of the ambient pressure at the 
since i 


e ( Ss directly proportiona 


was plotted as a 


MEAN ALTITUDE AND ALTITUDI 
RATIO (FIGS. 3 AND 4 


MASS 


od 


MASS RAT 
rag data 
analysis, it has been assumed that the effects of 
the atmosphere are negligible beyond 125,000 
feet. Fig. 3 presents data on the mean altitude 
(between sea level and 125,000 ft) as a function of 


mass ratio at 125,000 ft for various kick angles 


(Data was generated from digital 


computer 





D. COHEN 


average specific impulse, i.e. the specific impulse 


corrected for the effects of drag and variation 


GRAVITY TURN VELOCITY, ALTITUDI 
AND RANGI (FIGS. 5-7) 


' | 


sss plots of velocity and altitude 


| 
n Figs. 5 and respectively. for 


flight paths. The data are presented 


ingie ol 


vertical 


powered 


CONSTANT ATTITUDE VELOCITY DATA 
(FIG. 8) 


la presented in this figure is for a 
constant attitude trajectory. For this type of 


flight path, the thrust vector angle relative to the 


Fig. 4. Altitude mass ratic local horizontal maintains a fixed value. It may 
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e 


. 


" be shown that this is a more efficient type of 


flight path, relative to energy expenditure 
However, a gravity turn is usually utilized in the 
atmospheric portion of the flight to avoid the 


excessive angle of attack that might result wit 


RANGE CURVES (FIG. 9) 
This figure shows range as a functi 
and velocity, | 
from this curve 1s the range covered during 
coasting and does not account for re-entry drag 
[he range covered during powered flight can be 


} obtained from curves similar to Fig. 7. The total 
, : ~ i ) | I lig! 
. le Vv ) “ » Oo on ) 
Tw THE VERTICAL (903 } range during powered and coasting flight may 


7. Gravity turn range data then be calculated 
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(B) From Fig. 1A, using an expansion ratio 


of 15 and a chamber pressure of 600 psia, 


A is tound to be 0-021 3 


Assume an average altitude, say 50.000 ft 


the atmospheric portion of the flight 


m Fig Ispe } 1-24 


310 SCL 


BALLISTIC MISSILE RANGI 
CALCULATION 


1SO.000 


0-7/5 (0-119 0-045) 00-1016 
0-1016) 


150.000 100.000 125.000 ft 





(H,) Drag factor 288 


Average drag 
average 
150 
This checks sufficiently « 
assumption, and the « 


se between sei vela 


ine Chal 


SU UUU 


Will 
ratio in 


mpulse 


The burnout mass ratio 


8-0 
Also, from Fig. 1B 
impulse may be founc 


}-29 250 


GENERALIZED 


7 &50 


(HW) 


ill averave 


nd 125.000 ft 


Bie melee, 


3440 ft 


SEL 


- 


100.000) 12.500 


the vacuum specific 


1 as 
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The velocity attained during the remainder 


of the flight may then be computed with 


the aid of Fig. 3 


15.660 ft/sec 


angie with the vel 








By plotting 
maximum range wi: l it > I050 
iles for 

An 
might irn 


of 125.000 ft was reached. At 


alternate 


means 


utilize the gravity t 


unt 
this time a cons 


attitude type of trajectory would 


commen 


with the thrust attitude angle being equal to the 


obtained at 125.000 ft { 
to Fig. 8 and 


equal to that at 125,000 ft 


value of « tilizing 


curves similar an initial velocity 


the maximum range 
to be 2320 nautical miles 


with a kick angle of 4 


was found attained 
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CONCLUSIONS A intermediate factor used to evaluate 


vr ) - 
By use of generalized trajectory curves, a specific impulse ratio 


more accurate prediction of missile performance mass rato 


Te “ ) 
may be obtained than with the usual simplified pressure (pst) 


procedures. Although the accuracy is somewhat velocity (ft/sec) 


ania . 
less than that which can be realized with a initial vehicle weight (Ib) 


angle between velocity vector and local 


digital computer, the results are well suited for 


hHorizo -oOrees 
preliminary design computations. The charts horizontal degree 


can be used for ballistic missile calculations and angle between thrust direction and local 


horizontal (degrees) 


will aid in mputing orbital trajectories 


Nomenclature 


e expansio! 


rust (Ih) 


) ALL 





A METHOD OF DESCRIBING MISS DISTANCES FOR 
LUNAR AND INTERPLANETARY TRAJECTORIES’ 


W. KIZNER 


Abstract— Mis 
components 
izimuth (or cro 


re very neal 


ne trajectory 


target 


Il. INTRODU¢ 


treating the 


TION 


{ . } 
LIL 


errors of a veh 


ich 1s intended to hit a target. such 


Yr a point on the surface of the Earth 


enient to construct a 


ort } itieren | 
corrections The differential cort 


partial derivatives of some measure 


listance with respect co-ordinates 


yurnout or injection they 


cularly important tn 


guidance systems 


target 1s 


Earth. a satisfactory measure of miss 


Ss range and azimuth error. A typical differenti 


orrection, then, would be the partial derivatiy 


f range error with respect to speed at burnout 


For a ““massy” point in space, however, some 


itther measure of miss distance must be used 


The seemingly obvious thing to do ts to use the 


miss distance itself, 1.e. the distance of closes 


approach of the vehicle to the center of 


target. However if differential corrections are 


to be used for guidance or trajectory design 


purposes, then the use of this miss distance has 
certain drawbacks. In particular, for trajectories 
which pass close to the center of the target, the 


miss distance is a quadratic function of the 


This paper presents the results of one phase of 


research carried out at the Jet Propulsion Laboratory 
Technology, under Contract 


National 


California Institute of 
No. NASw-6 
and Space Administration 


sponsored by the Aeronautics 


initial conditions hu Variation of muss 
initial co-ordinates 1s 


Another 


distance versus any 
zero for % rect hitting trajectory 
drawback in using the miss distance 
direction of 


t 
For a 


uncertainty 


terrest 


4 solution to the problem of 


spec 


miss distance obtained by making 


parameters of the hyperbola near 
Components of the pact paramete! 


as in scattering theory 


treated as a 
quantities 
caused by 
and specify 1 


[he general problem of how many indepen- 


variables are observable near the target 1s 


This leads to a discussion of guid- 


dent 
investigated 


ance equations 


OF MISS DISTANCE 


that 1s 


Il. A MEASURE 


Ihe specification of miss distance 
used is based on the impact parameter, B, which 
osculating conic (see 


is computed from the 


appendix). The elements of the conic are com- 
puted when a fixed distance from the target is 
reached, the distance being determined by the 
point where a conic approximation for the re- 


mainder of the trajectory is sufficiently accurate, 
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or when closest approach is attained, whichever 


occurs first. This ts 


appendix. B 


the position vector in the plane of 


the trajectory originating at the f 


centel Oo 


gravity of the target and directed perpendi- 


e incoming asymptote of the hyper 
S approximate 


if ti 
Link 


further discussed in the 


determined by R and T. The variables which 
are used are the projections of B on T and on R, 
i.e. B-TandB-R 


nputin 


The complete set of formulas 
g the vectors is given in the appen- 

between the miss distance and 
shown. If a particular value of 


closest approach is desired 
be computed from the 
ning the parameters 


linates 


are snow! 


The line 


path directed at the center of 


resents the 


rget. This line also represents the asymp- 


he osculating conic 


which ts very nearly 





MISS DISTANCES FOR LUNAR AND 


parallel to the asymptotes of other conics which 
intersect the surface of the target Consider now 
the cases where the impact is not vertical and 
the impact parameter is along the T axis. Since 
the plane of the trajectory contains the original 
S vector the locus of the impact points on the 


This 


is true whenever the direction of B is held fixed 


surface of the target must be a great circle 


and the magnitude ts varied. It can also be seen 


t 


that the angle between such great circles at P 


1S * same the angle between the corres- 


as 
ponding B vectors 
The 


investigated for 


onentation 
many 


tories. The greatest 


occur in lunar trajec 


rection 1s fixed to wit! 


rr expected variations 


iil, APPLICATIONS TO HOMING 


searching 


| 


s 


t 


co-ordinates 
Better 


estimates 


7 v. | ' ' 
needed to insure 


method used 
homing 
The 


>f 


homing meth 
erence trajectory 


‘ 
ol LEI 


computing two where eacl 


two initial co-ordinates parameters 1s 
kept fixed. By 


and B-R due to 


conditions new 


While the other ts observin 


resulting changes in B-] 


changes in the input 


conditions can be obtained by a linear 


polation scheme onlinearities are sus 


then the size of the increments to the 


variables can be monitored so that 


exceed values for which the linear interpolation 


method succeeds. Table | shows the number of 
iterations required by the homing method for 
two Venus trajectories. The time of launch and 
the firing angle were varied here 


Table | 


minimum 


the perihelion distance is the 


Sun of 


In 


distance to the the transfer 


INTERPLANETARY TRAJECTORIES 


Table |. Example of the Homing Method 


for Two Venus Trajectories 





Trajectory 





When 


> transier conic 


IV. DEGREES OF FREEDOM 


alize the ideas about mis 


guidance 


ntrod 


Oauce pI oblems 


wing question Given 


a launching location on tl surface, a 


hiring 


Earth). 


cle conhguration and a 


times (limited by the rotation of the 


what is the minimum number of quantities that 


can be specified concerning the trajectory near 


the target in order that the trajectory shall be 
this 


completely determined? The answer to 


question is connected with the formation of 
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guidance equations 


which must ensure that all 


Iwo co-ordinates, B-T 


target described il 


oT some of the 


ese quantities near the 


and B-R, have been 


choose a _ third 


he : 
vee Values 


remains to coO- 
ordinate. The time of flight has been used as the 
-ordinate since this is often of direct 
a mission such as a soft landing on 


or total energy near the 
* chosen, since the velocity at the 

readily available 
the semimayjor axis 


than the time 


GUIDANCE EQUATIONS 


to instantaneous Varia 


value. By steering tl 


shutting the motor off at a nor 
>the 6Q, can be nulled. It should be 
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noted that the guidance equations incorporate In this set of variables a change in 


the differential corrections equivalent change in the ground range 
Not all of these equations need be used The effects of changes in these variables fi 
time of flight need not be lunar trajectories are illustrated in Fig Here 


instance if the 


ie values of the co-ordinate deviations for the 


trolled, then one equation is eliminated. II 


Standard point of closest approach 1 co-ordinates were chosen so that B 


f the targe is equal to 1000 km. The trajectories 


removed trom the center « 


e feasible t liminate another plane ne 


and to guide a g the direction y i the Eart nclined y an angie 
tal nave al 


dard miss disti 
to disregard errors in perpendicul: 


A useful set of 


in the guided Port 


can be at in > three cases shown 

and in practically all the cases that have been 

computed which represent all reasonable lunar 

speed trajectories, that the co-ordinates RK and | 
angle between standard perigee 4 and I, Z and Z can be paired insofar as the 
direction and the radius vector ‘me effects of the miss near the Moon are con- 
vehicle cerned. For example an error in ground range @ 
cross range (which ts zero on the can be compensated for by a change in path 
dard path) angle /’. Another feature which emerges is that 


cross range rate the effect of a change in Z is opposite to that 


produced by a change in Z. Hence a scheme to 


path angle measured with respect to the 


local horizontal cancel the effects of one by introducing a change 





13 


in the other 1s unstable from the point of view of 


large deviations from the standard 


incurring 
flight path 
In Fig. 4 Mars 

| 


trajectory iunatl 


rt . 
trajector 


7 


@ 


rn 
) 
14 


adalt 
flight 
complete 
much the manner as 


terrestrial tra 


error i ing 
APPENDIX 
The Calculation of Elements of the Osculating 
Conic near the Target 


The point at which the osculating conic neat 


the target is computed will depend on whether 


the method of integration is direct (such as 


based on a variational 


Encke’s 


direct method the accuracy of the computation 


Cowell's method) or 


scheme (for instance method). For a 


decreases when the path is near the attracting 


center ») that it may be advantageous to 


W. KIZNER 


compute the elements of the conic when the 


vehicle has not yet reached the point of closest 
I OT 


aspherical nature of the Moon is neglected, it 


approacl lunar trajectories in which the 


was found that a good point to compute the 


conic is when the probe ts about three lunar 


meters 


deg 


23 . 
a 99 deg 


Moon. So 


ipproach 


hat 


e elements of the conic 


method of itation 1s 
that the 


the 


(10) 
GM 


where G ts the universal gravitational constant 


and M is the mass of the target 
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> square of the eccentricity The unit vector in the direction of the incoming 


asymptote 


momentum consta 





ORBITAL TRANSFER FOR SATELLITES 


SAMLEL P. ALTMAN 
P.O. Box ) De 


Abstract— O 


INTRODUCTION 


noe? 
UCZ- 


ricuon 


Satellite aione 
(or phases) in 


logy ~d 
CONSIUCTC? 


imber ol possible 

hat fulfill all 
determined 

ajectories that provide 


pertor 


teristics 


ist be deduced. The non- 


of mot t facilitate 


yf 


the transfer problem 


analysis ¢ 
an orbit about a spherical celestial 


be closed (or periodic) and planai 


rbit al ul < ‘roidal body will be 


vehicle and satel example, an orbit 
vo bodies ma\ hich closely approxt- 
tually fixed) orbital systen the terrestrial body) will appear as shown 
age, and without pr in Fig. |. This conditionally 


ite orbit Although both 


be (see | 


mary lematica 


| periodic orbit can be defined analytically 


disturbance of the satell 
the transfer vehicle and the satellite might by an elliptical closed orbit in a 
maneuvered by thrust application, most fore- plane that rotates about the minor (or polar) 
seeable missions will probably require that the axis. The line of intersection (or line of nodes) 
satellite remain in a given reference orbit. Not of the orbital plane with the equatorial plane is 
defined by £2, measured in the equatorial plane 


only will the mission objectives be so fulfilled. 


but the predictions of orbit derived from prior given equatorial reference axis: the 


Irom a 


132 
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included angle (or angle of incidence) between 


planes is defined by i. The radial projection of 


the perigee (or apsidal point of closest approach 


of the orbital vehicle to the celestial body) 


upon the unit sphere defined by 


the apsidal 


line V 


from 


Ihe angular displacement of the perigee 
The 


shape of the elliptical orbit is defined by the 


the line of nodes is measured by 
conic parameters a (the semi-major axis) and ¢ 
(the eccentricity). Finally, the time 7 of perigee 


passage of the vehicle in orbit enables definition 


of its phase angle ¢ 


orbit. In 


(or true anomaly) in its 


summary, the orbital elements /, 


TRANSFER FOR SATELLITES 


( —_— 
$2, a, ¢ 


and 7 


mechanics 


Orlov - 


define the orbit in classical 


celestia 


Brouwe! and Blitzer 


{ 


demonstrated that the oblateness of 


spheroid will cause rotation of the 


j 


for the orbital plane and the 


line of apsides for 


the elliptical orbit. Brouwer analysed nearly 
circular orbits in the vicinity of the equatorial 
plane, Orlov studied nearly circular orbits in a 
plane of arbitrary (or any) incidence angle, and 
Blitzer and his associates investigated the general 
cases of circular and elliptical orbits in a plane 


of arbitrary incidence angle. While correlation 
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exists between these respective works, the most 


general results due to Blitzer er a/. show that the 


nodal and apsidal rotations are expressed as 


functions oO ; rit al ‘len ALS respectivel\ as 


folk WS 


pnase 


resnaping 
S 


inte 


This for 


ora 


i 


mulation the orbital transfer 


problem presents the necessary and sufficient 


conditions for acceptable transfer, in complete 


analytic form. Although the nature of the transfet 


Pp 


ALTMAN 


selected, this 
to 


performance 


trajectory itself must still be 


formulation enables such selection be pre- 


dicated on achievable charac- 


teristics. For example, the accelerations defining 


the planar figure of the orbit and the transfer 


lerations are derived from the velocity 


Both 


orpit o 


acce 


neters velocity and acceleration of 


transfer trajectory can be pre- 


raphically on a_ polar hodograph 


— he 
a’ iy ‘ iv ‘ 


ime-history of thrust magni- 


ind direction may be directly related to the 


that the engineering 


lsion and staging may be more 


j 


the tr design 


iv 


ayectory 
transiel 
ormulation enables the 


se trajectory design 


riled 
problem 


veiocil 


oblateness 


t 


er problem 


omission Can 


ons lor 
his formulation 
alization study 
velocity 

the polar 
transfer ellipse ts 
the 


wo-impulse 


plana! 


REPRESENTATION OF THE PLANAR 


ORBIT BY THE POLAR HODOGRAPH 
potential 


of 


satellite in a conservative 


total and kinetic 


energy 
motion tor a 


and in the gravitational field of a 


¥Y Slate 


elestial sphere can be presented in the following 


forn 
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Since the angular momentum of a conservative 


orbital system is constant (i.e. equal to /), then 


(4) 


Equation (3b) is seen to represent ; 


presented in the form 


R? 


where 


This 


circle. 


Fig. 3. Planar orbit in space (a) and its hodograph (b) 
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defines the orbit uniquely in terms of the radial 


and normal velocities. This circle is the polar 


hodograph of the orbit, so named since it 


presents the polar co-ordinate components of 


the vector producing the classical 


Although the c 


velocity 


hodograph assical hodograph 


is a circle that defines the magnitude and direc- 


tion of the velocity vector directly, it does not 


permit the presentation of two or more orbits 
in a common reference system 
rhe rectilinear reference system of normal and 


radial velocities (vg, v,) provides a common 


reference for all orbits about the one celestial 


body However, the axis defines the line of 


apsides for a given orbit, although the lines of 


apsides for two or more orbits may not coincide 


The 


directly from the polar hodograph 


In space magnitude of the total velocity is 


obtainable 


Further study of the polar hodograph and 


equation (4) shows that the exterior intercept ol 


circl axis dennes 


the hodograph 
while 


The fol ig reli 


perigee intercept 


apogee itions which map the 


orbit in space in ie polar hodograph plane 


anatysis 


(R 


AXIS 


A circular orbit 0) becomes 


the ordinate (v.) at a constant distance ¢ 
from the origin 
The velocity of the vehicle in orbit is deter- 


mined at any point by the relations 
R sin 


R COS 
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il relations between the hodo- 


two orbits in space are shown schema- 


Fig. 4. The hodographs are separate 
larger orbit ts greater 


rbit. The hodo- 


ORIENTATION OF THE ORBITAI 
PLANI 


ned in inertial space 


attracting celestial sphere 


at is, the sphere 
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center and the total velocity vector (v) are As shown Fig. 5 by the projection on 
contained in the orbital plane, as shown schema-___ unit sphere > orbit reorientation consist 
tically in Fig. 5. Since the radial line between the rotation of 

sphere center and the vehicle center lies in th 

plane at all ti 


alternatively by tl 


velocity component {( Consequenti he ne of apsid vary fron to 
orbital plane would be rotated by tne ; i < iO p vely These 
ola cross-plane velocity { } The orbital plane aenned \ ollowing relations 


would then be reorientated in inertial space to 


contain the sphere center and the vector sum 


are tan 
(v,) of the normal and cross-plane velocities 
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(18) 


(29) 


rs of the satellite and 
atched at the terminal 

transfer (or rendez- 
inal conditions should 


trajectory 


INTEGRAL FORMULATION OF THE 
PFRANSFER TRAJECTORY 


Ihe transfer trajectory must satisfy the 


Lic 


following six integral equations for the difference 
and 


between variations for the mean anomaly 
the parameters ij, £2, J, C and R any one real integer (0, 1, 2 
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Variations of the target satellite parameters as a 
result of satellite maneuver 
integrands. If the satellite remains in its original 
then 


reference orbit without maneuver 


and the orbita 
ballistic state only 
reshaping of a Satel 
will be formulated 
ations (equations 


fying conditions tha 


transfer 
CTOSS-COUDPIING 
(equalior 25) ar 
26). That 
in-plane \ 
terms: of 
neglected, then the 
could be studied by 
of three integral equations: the 
and apsidal line reorientations dete 
cross-plane velocity, and the 


meters and vehicle phi 
by in-plane velocity chi 
the apsidal variation 
change may be pre-assigned thereby 
the desired separation of the two se 
integral equations 

Brief study of the oblateness effects (presented 


by equations | and 2) shows that the individual 


variations ($24.7), S2a.7), Waw). VB 


yy) are quite 
small. For example, the rate of apsidal line 


rotation (W,) of an equatorial orbit with nominal 


FTRANSFER 


are provided in the 


FOR SATELLITES 


circular radius of SOOO statute miles (altitude 


about 1000 sti te e \ be about 0-001 


the mean orbital rate o nsequent 
t] C oblateness 


' , i 
tne period oO 


‘ 


| 
tory analysis is orbit posting 


subject to the conditions previou 
orbital transfer and correction 


rHI 


The 


ACCELERATION HODOGRAPH 


thrust program for a transfer vehicle 


must be related to the nonballistic normal and 


radial accelerations (or differential accelerations) 
The hodo- 


required for a transfer trajectory 


graph equations (equations 13 and 14) enable the 
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direct derivation of the relations between the 


‘ntial accelerations (da +) and the = and 


variations (CR). As preset l R (34) 


previously Since the orbital velocity 4 varies as an elliptic 
vehicle orbit. the acceleration 
ballistic orbit will appear as 
Ihe acceleration 

lar orbit will also be a circle 
are related to the 


s DY the equations 


Fig. 6. Acceleration hodograph 


(a) acceleration hodograph for an orbit; (b) differential acceleration for a transfer trajectory 
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[he construction of the differential acceleration 
hodograph is shown schematically in Fig. 6 
The differential acceleration hodograph 1S 
invaluable in relating the design requirements 
for a vehicle transfer propulsion system to a 


Note 


\ eloc ity 


desired transfer trajectory that the 


algebraic forms of the hodograph 


IMPULSIVE TRANSFER IN AN ORBITAI 


PLANI 


veloc 
impulses ‘ beer ontinually 
Hohm: 


This general class of problen 
| 


discussed for many decades since 
work 
formulated by use of the polar hodograph 
[he transfer between two coplanar, noninter- 
{ and B 


is most directly provided by the use of 


secting orbits shown schematically 


in Fig 
which intersects both 


an intermediate orbit / 


{and B 
tion of the intermediate orbit can be arbitrarily 


orbits Although the shape and orienta- 


selected, all orbits are fixed in inertial space, 


subject only to vehicle planar transfer changes 


The intermediate orbit might intersect both 


TRANSFER 


FOR SATELLITES 14] 


orbits A and B at four points each. rather than 
two points each as shown. However, the solution 
for the transfer path shown in the figure is of 
greatest interest because the solution time is the 
shortest of the maximum number of four possible 


solutions for a given intermediate orbit and 


orientation 





142 SAMUEL P. ALTMAN 


Therefore and 


‘ar. the 


apsidal 


ution 


ptical 


Fig 8 Hohmann transfer 
wrbital hodographs; (b) orbits in space 
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Also, the ratio of the required velocity changes to 


the required velocity at the respective apsidal 


points Is 


(49) 


since 


transfer orbit period 


the transfer 


and the orbital phase (referred to the 


transfer point) of a satellite 


time of the transfer 


Impu ve irs ICT Lie orbital 


presented in th ction, has implied 
tia . > 
Hmmerence is ¢ 


Any 


required for 


entire apsidal line ‘liminated by 


velocity chang concurrent cross- 


in-plane 


aane velocity orbital plane re- 
| 


orientation would tl 


total change in apsidal line position. Con- 


sequently, it is apparent that optimalization in 


the orbital plane alone will not necessarily 


provide optimalization of the complete transfer 


solution 


CONCLUSIONS 


The missions of man-made satellites will 


require orbital transfer, correction (or reshaping) 


of orbit or posting in orbit. The transfer trajec- 


tory in three-dimensional space is formulated 


by a set of six integral equations with six 


> 


parameters: /, £2, WJ, d, C, R. The two velocity 


parameters C and R replace the conic para- 
meters a and e for description of the planar orbit 
The six integral equations may be separated into 
two sets of three equations each for analysis, 


whenever 


TRANSFER FOR SATELLITES 143 


(1) the cross-plane velocity is much smaller 
than the in-plane velocity; 


(2) the oblateness effects on nodal and apsida 


line rotation are negligible due to a 


relatively short time interval of integration 


for solution: and 


(3) the apsidal line rotation due to in-plane 


velocity change over the time interval of 


integration Is pre-assigned 


This 


for such items 


formulation enables the optimalizatio1 


as minimum time and fuel con- 


sumption in the three-dimensional transfer 


problem 


The the complete transfer 


analysis to the 


application ol 


engineering design of a transfer 


guidance system will be different fi le mid- 


course and terminal phases. Engineering mechani- 


zation for mid-course guidance will probably 


be based on ground observations and the con- 


sequent of the six parameters 


Howey Cl 


bservational data 


explicitly terminal guidance will 


undoubtedly use derived at 


the transfer vehicle, of the relative bearing and 


range to the > and possibly of the vehicle 


local horizon ynsequently. the six parameters 


Althoug! tne ( 


paper is intended for 


rmulation presented in this 


orbital transfer or correc- 


tion trajectories, the basic integral presentatior 


should be ipplicable to orbital 


Tective 
mectively ap] 


intercept proodien this case, arrival 


proximity of the target satellite constitutes 
solution, rather than coincidence of spacial and 


Also, 


volume of space may be accomplished 


velocity co-ordinates such arrival at the 
terminal 
by a trajectory that need not approach the orbit 
of the target satellite tangentially. The required 


terminal conditions for successful intercept 
will be determined largely by the design perfor- 
mance of the interception system and the target 


end-game techniques of orbital guidance 


Nomenclature 
semi-major axis of the ellipse (/) 
apogee of the orbit 
velocity parameter of the orbit (Ar~') 


eccentricity of the ellipse 
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total potential and kinetic energy of the terrestrial gravitational constant (/7°7 *) 


orbital body (mh? reference angle between the nodal line for 
orbital plane and the line 


Ss ol the orbital and celestial 


14159 
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Abstract 
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per a 


INTRODUCTION 


earth. Similarly 


to prevent Catlastroy 
too clo 


a planet 


the ission 
planet 


low-thrust engine mig 


| 


rpit round 


(a) Starting trom an o 


cause the 


operate the engine to 
spiral outward until eventually 
in escaping the Earth’s attraction 
(b) operate the engine to cause transfer from 
the Earth’s heliocentric orbit to the helio- 


centric orbit of some specified planet 


(c) operate the engine to cause the vehicle to 
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THRUSI 


GEORGI 
blic A ( 


N. NOMICOS 


equl-ans 


centel 


le attracting 


t studied is shown that tl narac- 


1 velocity to transfer from one 


eristic 


another is exactly equal to the difference between 
the velocity in a circular orbit through the initia! 
point and that for a 


| Or 


from an orbit round the Earth to an orbit round 


circular orbit through the 


final point the mission described above 
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¢ three sections are treated separately Combining this with equation (2) yields 


theory to each as though the other’ well-known equation 
‘nters were absent. This ts a reason 
adie approx 


aiculal 


portance of characteristic velocity ts as 
ent measure of propellant consumption 
y equation (4). For the case ol 
engines this relation must be retained 
equation (2 used as the 

lor the Case 

a high-thrust 

n equation (1) 

be much greater 

velocity change 


ill in this 


2. DEFINITION OF “CHARACTERISTIC 
VELOCITY” 


+ MOTION IN AN EOUILANGULAR 
SPIRAI 


Ihe General Equations 


alone 
an icceleration 
t). and if this thrust 


path, then the equa- 
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Fig. 2. An enlarged portion of the spira 
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Substituting in equations (7) and (8) gives / 


(<7) = ,/" (16 


\ cos*h \ j 


[his gives the interesting result that the velocity 


at any point in the spiral is exactly equal to the 


in a circular orbit passing through 


transfer can readily be found 


tions (6). (9) and (12) vields 


on (6) 


treatmel 


resolululol 


(B) The Characteristic Velocity 


one ni 


le t 
accelerat ( 


iT 

There 

backwards along the flight path, wl 
vehicle down as it spirals outward 


The velocity at any pom 


found by noting from Fi 


COS 


Using equations (9) and (12) to evaluate rw 


yields 
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Thus the characteristic velocity for transfer Differentiating equation (23) and substituting 
between two circular orbits, using continuous in equation (22) gives 

firing of a low-thrust engine, is just equal to the 

difference between the speeds i i ordpits 

In particulai 

round a planet and spiralling out 

chara [ i { [ required 


origina iy in [he 


4. ESCAPE FROM CIRCULAR ORBIT: 
ALTERNATIVE TREATMENT 


The me result ¢ 1 the previ 
that the characterist 


Irom one circulat 


} 


difference of 


4 SECOND APPROXIMATION 


, ol IS Sulficient mali the approximation sh 


, 
DIY 


reasona — 
be acceptable. The criterion by which the sma 
total energy at an) pol to be the same : 


| ness of the rate of change of o be judged w 
OT 


circular orbit passing through the point ; 
be the subject of a later paper 
the equi-angular spiral this was shown earlier to 
Using the original equations for 
‘ 1 


tne equ 


be rigorously true, since the velocities, and hence 


angular spiral, the time to transfer from one 
the kinetic energies, in the spiral and the circular . ; 


radius to another was found in equation (18) 
orbits were exactly equal, and of course the 


But if the second radius is large compared to the 
potential energy is fixed for a given point. Fora ; 
first, it will be found that equation (18) gives an 
circular orbit of radius ; 
excessively long time of transit. This is because 
at the larger values of radius, the thrust has 
decreased very considerably. If the alternative 


program is assumed, in which the angle of the 
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spiral varies while the thrust is maintained (A) Characteristic Velocity 


constant, a much shorter transfer time is found It will be seen from Table 1 that the charac- 


. > 7 > r) " 
In equation (2), if the thrust p, is maintained teristic velocity for this mission, using this low- 
constant, the integral becomes merely pf, and thrust engine, is 16°33 km/sec. On the other 


the simple result is obtained 


hand, a vehicle using a very high thrust engine 


could, in theory at least, accomplish the transfer 


two impulses; one of these impulses, 


oximation sec. given while in orbit round the 


equation : art would put the vehicle in a hyperbolic 


ror 
ron 


escaping from the Earth’s field with 
to establis! the vehicle ina 


ellipse conditions were 


NUMERICAL VALLES 


' 


rrect at aphelion of this 


i space a hyperbolic 


>-09 km/sec 

approacl uld establish 
round Mars ius the total 
for trat I ising the 
54 yr just 


thrust 


above description 


WOUId De needed 


engine 


transier, can 


Thus the possibility 
ion may make up 


intage of the high-thrust 





' 
ess Characteristic veiocity 


(B) Escape from Geocentric Orbit 


rbit round the Earth at low altitude 
an be taken as equal to gp, the 


~ 


p 10-* rad, o1 


t 


numerical values give 6 about 
about 0-01 If the thrust is kept constant, 

ary as r*, which leads to the values 
listed in Table 2. It will be seen that the angle 
has become 90°, which means that the vehicle ts 
travelling radially outward, at approximately 
the distance of the Moon. At this point the 
vehicle can be said to have escaped. The gravi- 


tational attraction at this point is still twice the 
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but 
circular orbit through this point is sufficient to 


thrust, the momentum appropriate to a 
overcome the difference 
On the question of entry into the spiral, it will 
be seen that the angle of the spiral near the Earth 
Table 2. Angle of Spiral as Function of 


Distance from Earth 





Approx 


ibove Earth 


Approx 
is of orbit 


(miles) (mules) 


100 4.000 
8.000 12,000 
36,000 40.000 

120,000 120.000 


280.000 280.000 





—_— , 
is only 2 10-* rad. Putting into equatio! 


the values J000 


miles 


A 2 iQ 


yields (on expanding the exponen 


tial) 


! 


So that one complete revolution 


gives an increase of radius o 


Correspondingly, for the simple tl » apply 


as given, it would necessary for the take-ofl 


orbit to be a circ within about 


This makes it clear that the problen 
by a low-thrust engine from an ¢ 
merits further study 


(C) Time of Transit 


Assuming the thrust to be maintained 


constant, and the spiral angle to vary as 


necessary, equation (25) gives the times for each 


sector of the journey. The results are shown in 


Table 3. It will be seen that a total transit time 
of only 189 days is obtained; even allowing for 
errors due to the approximations, it seems that 
a total journey time of about 200 days should 
result 

By contrast, using constant angle and 
maximum thrust when in orbit round the Earth 
at 1000 km, equation (18) gives about 40 years 


For the helio- 


for spiralling out to the Moon 


centric spiral, if maximum thrust at the Earth’s 
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Table 3. 
of Trip from Geocentric Orbit to 
Circum-Martian Orbit 


Times of Transit over Sections 





Portion of path 


Start at 1000 km above Eart! 
spiral out to infinity 
Transfer from Earth’s | 
orbit to Mars 


Ccioceyn 





and 
to Mars’ 


= 
compared to 66 days of Table 


i 


distance 1s assumed 


time to transfer distance from 


is 103 days 


(D) Summary of Numerical Results 


(a) To enter an equi-angular spira 


orbit round the Earth, a vehicle wit! 


weigl 10-4 would need t 


} ' hy 
orodit circular to within 


" " | " my 
(b) The spiral would initially have 


about 0-0] to the circular path 


farther from the Earth 


progressively 


~ 


Table 


could increase, as given in 


revolution 
rth would be 
lay, the increase 
arth 


from the f would be about 40 n 


(d) Assuming the thrust maintained constant 
the times calculate 9 the various sectors are 
given in Table 3. Even allowing for errors due t 


total time for the journey 


approximations 


would probably be less than 200 days 


(e) The characteristic velocity for a complete 


mission, by low-thrust engine, from an orbit 
round the Earth at 1000-km altitude to an orbit 


round Mars at 500-km altitude is 16°33 km/sec 


7. CONCLUSION 
An inter-planetary vehicle with a low-thrust 
engine, moving in the gravitational field of a 
single attracting center, can move on an equi- 


angular spiral under certain conditions, which 
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are discussed. If the angle of the spiral is kept Substituting in equation (Al) 


rigorously constant, the thrust must be pro- 
grammed to vary as the inverse square of the He 
. ence 
distance from the attracting 
aistance trom 
slowly, and it Is ] ib] nl ame as equation (16) 


flight path 


APPENDIX 


An Alternative lIreatment of the Equi-angular 
Spiral 


Nomenclature 


accelera- 
uid experience 


ony 


> attracting body to 
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value of r at which spiral starts (where angle between flight path and a perpen- 


# = 0), see Fig. | dicular to the radius vector, see Fig. 2 


value of r after one revolution round @ angle swept through by radius 
Earth connecting attracting center to vehicle 


radius of a circular orbit vehicle proceeds along flight patl 


value of r at which transfer of the 

along a spiral terminates dt rate of rotation of radius vect 
distance along flight path (see if connecting attracting center to vehicle 

for ds) ( igular velocity of satellite about cente! 
time (measured from instant when \ | n a circular orbit 


IS at rg) angle between tangent to flight path and 
speed of the vehicle ced line in the plane of the spiral 
change in speed 

speed O! a Satellite in a circular orovit 


value of adius equal to 


value ol adius equal i RI FI RI N¢ I Ss 
aus potential) « McILroy 


speed 

propellant 

characteristic velocity fo 

rw —centrifugal acceleration (as n 


along radius f n attract 


external 





SATELLITE ORBITS DERIVED FROM A 
GRAVITATIONAL MODEL OF THE EARTH 


PALL H. SAVET 
\ B \ 


\bstract 


he Earth 

No deep 

that the 

vithin the 

mportance to influence 

ellite’s motion. But the converse 

An accurate observation of the 

a satellite around the Earth, as 

space, in \ h angular orientation compared to Kepler's laws, will provide valuable 

mined by the motionless appearance of information as to the gravitational behavior of 
whelming mass of the universe the Earth 


In dealing with artificial satellites The mathematical problems associated with 
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this endeavor have been clearly formulated and particular spheroid vides the desired fiel 
been intensity outside this surface. The choice of tl 


lor this operation Is ¢ 


a great many contributions have already 
made. The purpose of this paper is neither particular spheroid 
refinement of tl { within the hel 


nero 


a duplication nor a 


contributions: it is 
Stand a few basic 
dynamics. assuming 


str j . 
NLroOaguUce. 


GRAVITATIONAL FIELD OF THE EARTH 


ermined 


sideration 
one of the equipotential Surtaces jana { 3) 
an oblate spheroid of axis of revolution 

Taking 
ciding with the polar axis of the Earth 


other equipotential surfaces are oblate spheroids 


/ ’ 
Gril ’ 


In any meridian plane we would have a 
6378 km 


ellipsoids. An appro- 
any 


of equipotential confocal 
6357 km 


piater mass density distribution along 





we get Jhb s km (and thus > 6368 km) and confocal ellipses inside Vy 


m/sec*. The relative oblateness “ segment between F, and F, 


wou then ¢ ~ 1/609, as against the A segment outside F, and / 
confocal family of hyperbolae 


iMmMaLgzina©ry 
GRAVITATIONAL POTENTIAI 


nari 


(6) 
cal a parameter relative to an 
gefines a hyperbola the 

of gravitation in elliptic 


s Ei the expression 


4 (a°* 


vides 
, : Writing the condition that 
U ellipse outside (defined Dy 
0) 


ellipse J 
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is a function of A, alone, mentioned equations we have 
provide 


€) | \ (h* 
larc tan 


and this should be equal to QO, 


satisfy the conditions at infinity 


the potential is due 
(fictitious) distribution 
torial plane 0 


This mass ts distribu 


and therefore 


nass distribution 


n the equa 
rial plane | a 


natural simplification car 


I - introduced by bering that « (a 
and since rad ner 5; U ; 

higher powers oO! e€ can 
potential functior ; : 


const plane (see 


is essentially a 


ge together with an 


eccentric 
anomaly ( » geographical latitude (») 
Magnitude the distance from tl 
center of the Earth (OM) 


By definition 


while \ - LOS” 


h* sin* ( R*. Since « 
small. calculations yield within first 
magnitude 


orders of 


(hb? 


are tan const 





L H. SAVET 


expressions limited to the first power of « 
5 


Based on equations (21)-(23), we have in the 


const plane 


> 
R COS UW > + 
. terms in &€ (26) 
It follows that R sin u 


e absolute velocity squared of a point 


n space appears as 


since 


EQUATIONS OF MOTION 


We shall use spherical co-ordinates (R. u } 
I 


as shown in Fig. 4, and rely on approximate 
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gravitational field vector always intersects the 
polar axis of the Earth (without generally passing 
through its center O), one has the projected area 


rule upon the equatorial plane 
R® (28) 


A second prime integral is derived by the appli- 
cation of the theorem of conservation of energy 


In a non-dissipative system, viz 


where A is another constant, depending on the 


initial conditions, while the other magnitudes 


are those appearing in equations (25) and (27) 
Since a third prime integral does not appear 


in an obvious way. let us write the force vs 


acceleration equation for the variable u. The 


acceleration relative to u is expressed by 


au 


FF 


ul 


derived by considering tne 


vector notations (1.e. algebraic 


t the velocity in 


value of the velocity, multiplied by an appro- 


priately oriented unit-vector) and remembering 


1 
‘? 


the derivatives of the unit vector with respect to 


u and Above expression ol J should be 


equal to 


[he time derivative of ¢ (i.e. ddé/dt) can be 
eliminated by using formula (28). Equations (27) 


(29) and (32) yield 


1 | /dR\* 


2 (ar) 


du\* h 


. di R* 


) 
> 
4 


cos* u 


a* 


»| COS* u 
rel 


ORBITS 


h* sin u 


d i du 


di | K di 
dd h 


di R* cos* u 


R* cos? u 


he first two equations provide R and u, while 


the third one offers 4 as a function of R and wu 


The complete integration of system (33) requires 
the use of a computing machine. It is possible 


‘ 


however, to derive interesting conclusions, 


not a complete solution, by directly analysing 
these equations 


First, let us take two particular cases 


0 and 


Motion within the Equatorial Plane (a — 0) 
[he second equation in (33) vanishes. I 


and third equations become respectively 


we recognize equations (34) as 


section, the nature « 


If thi 


yperbola for k Uv we gel 


representing a conical 


which depends on the sign of A S$ 1S positis 


we have a 


ellipse: while / 0 corresponds to a parabola 


{ 


Let us take the case of an e//ipse and conside! 


again equations (34). If is different from zeré 
undergoes a_ slight 


5S. Since (dR/dr)* has 


the fact that « 


curve if )}* VS | R 
distortion as shown tn Fig 
to be positive iS positive merely 
which a 


Further- 


R between 
equation (34) 
that R(d) 


elliptic 


alters the extreme values of 


real solution of exists 


more « Q suggests should get 


expressed in terms of rather than 


trigonometric functions, so that a slight shift in 


may occur after revolution along the 


orbit. We are 


every 


faced with a precession of the 
orbit as a whole in the equatorial plane 

In order to get a more precise relationship 
orbit 


(34) 


between the precession and the basic 


parameters, let us write again equation 


after the substitutions 


20,P — h?P? 





half angular 


changing the 


low altitude 
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As the sign of 5(4¢) is negative, the precession 


iS Opposite to the direction in which the orbit is 


desc! ibed 


Motion within an Inertial Meridian Plane 
(d 


fj) 


The last one of equations (335) vanishes on 
1 


, Extracting the squar 


account of / O, while the second equation 


, s hefore 
after multiplication with R* du/dt provides as belore 


l assume 


equation (4]) DECK 


operation successive 


Combination 


vields 


or finally after eliminating d/ from equations If the eccentricity of the orbit is very small 


and (43) (specifically if « 0-2), the first 
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second First H/ }; u, aS appears from equations 


shows (49) ‘ ( Tia therelore } COos"y Stays 


Viotion of a General Nature 


CONCLUSIONS 


Nomenclature 
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distance trom the 


distance along the 
held intensity 


lengtl 
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THE BI-ELLIPTICAL TRANSFER BETWEEN 
CO-PLANAR CIRCULAR ORBITS 


RUDOLF F. HOELKER and ROBERT SILBER 
ts Ni \ : 


\ 


Abstract 


INTRODLCTION 


transier 
agnitude 


that the 


transfer ellipse lies at the 


Ter 


outer circle At this 


ocit 


hicle causing the 


and is of the magnitude 


i? 


increment s added 


with the arrival velocity vector. 


necessary to vield the 


Nat velocity vector which places the vehicle into a 


circular orbit of radius ; 
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If it is assumed that 
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the application of the two impulses is a single unity, as the ferminai 
interrupted stage rather than a multi-stage velocity increment 


iffair, then the propellant consumption re- ircular velocity of tl 
quired to bring about the complete transfer 1 a di nie 
measurable by tl um of the two 

increments, pl 

in their absolut 


that Hohr 


considered it 
propellant 


transiers e! 


still 


PRELIMINARY INVESTIGATIONS 


| ley 


increments are properly summed and divided ral becomes infinite onsidered 
by the circular velocity of the initial orbit, the le quantity (y 2 is the diffe 
resulting expression is a function only of the escape velocity and circu velocity 

ratio of the radu of the two considered orbits smaller terminal circle. Hence it is seen that for 
For this reason it will be convenient henceforth some values of the terminal ratio, the Hohmann 
to refer to the two considered orbits as the’ transfer modulus actually exceeds requirements 


terminal circles and the ratio of their radii, taken for escape 


in such a way as to be greater than or equal to Because for some terminal ratios the transfer 
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lO 


1an the transfer modulus for the two half-ellipses, r./r, will be referred to as 


modulus arger tl 


infinite terminal ratios, the following question _ the con 


unction ratio 


yf intermediate 


becomes of interest. What would be the transfer In general, the radius of the 
s for some finite terminal ratio if, instead (conjunction) point, besides being finite, may be 
Hohmann transfer. the vehicle — either smaller than the radu of the 
Hohmann ellipse to infinity (para- terminal les or in between. Two situations 
he desired > wn in g. 3, one in which r, 1s greatet 

and one in which iS greatel 

to obti \ third situation exists 
his would doth and | and all 
be investigated 


parabolas) 


the maneuver with an inter- 


Fig 3} suggests a 


1) 


medial as seen In 


as and the natural name for this maneuver. a /i-e//iptical 


desired (outer) terminal circle will composed of two half-ellipses junc- 
The termini lo now be- tioned at a common apsis. Also, since the 


1 it will be conve to establish bi-elliptical transfer involves three points of 


impulse application (an impulse application 


for the ratio Since the 


is the point of conjunction of must be given at the intermediate point if it is 
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not at an infinite radius) it may alternatively be tities within the absolute value signs 


referred to as a three-point transfer as opposed determined to be 
to the two-point Hohmann transfet 
Having established the bi-elliptical transfer 
the problem may be formulated as the establish- 
ment of what initial orbital conditions (terminal 
ratios) possess one or more bi-elliptical transfer 


moduli smaller than the Hohmann trar 


modulus 


ANALYSIS OF THE BI-ELLIPTICAI 
PTRANSFER 


There are mediately distingu 


] 
bi-elliy 


been mentionec Bi-¢ 


conjunction frat 


ratio may be re 


. | 


modauil 


in termina 


junctions possess transfe 


that of the corresponding Hohman: 


As has been previously discussed 


transfer modulu 


increments must be in absolut 


[he expression for tl 
three types of bi-ellipt Sa Coe 
nue through 


written in a single form contain 
values. The positive orientation NyuNnctio! atio e intermediate 


HOY 


ino if t i nt Ty > Te 

within the absolute ng — oe finity yielding 
cases. The general expression conjunctions 
ve represents transfe! 

J ial problem—the parameter 


terminal ratio. As an exan 
4, examine the > corresponding 
terminal f 100. The initial point of the 
curve corresponds to a conjunction ratio of 100 
and the transfer modulus at that point is the 
Hohmann transfer modulus. Notice that as the 
curve progresses through increasing conjunction 
ratios, the transfer modulus diminishes from the 
For bi-elliptical transfers with exterior con- Hohmann value. indicating that this bi-elliptical 


junction, the positive orientation of th quan- transfer is more economical than the Hohmann 
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point is obtained from 


equation (4) with respect to 


and subsequent equating 


auio | ne - I ratio 


function 


ncrement ove nge of rz/r);, plotted 


d case of intermediate point larger thar 


terminal orbits 
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only of the terminal ratio and is shown as such 


in Fig. 5. The equation of this ts 


It is seen 


1S POSITIV Cc 


greater than or 


root ol 


tne ado 


mately equal to 


m™ ai 


transier tor 


values of the terminal ratio 


Further investigation into the 


aerivatt 
equation (4) will result in a more precise detet 


mination of the conjunction ratios for which 


the transfer modulus of exterior conjunction 1s 


smaller than the corresponding Hohmann 


transfer modulus. If the derivative of equation 


(4) with respect to the conjunction ratio Is set 


BETWEEN CO-PI 
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equal to zero, the solution for the conjunction 


ratio as a function of the terminal ratio is 


Physically 


exterior conjun 


tons 


snown tnat 


| ] 1 . . 
the closed interval from nine possess one 


maximum and then agecrease as the conjunction 


ratio becomes infinite. This is because the initial 


slopes of these curves are positive and they all 


possess a single zero derivative for finite con- 


junction ratios. The important point of interest 
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particular curve 


vaiue de- 


cause of the subsequent notational change. The 
value of the ordinate at any point on the para- 
rve Is | 


( course wivel 


by equation (4) 


ordinate 

one olf these curves 
transfer modulus for the Hohmann transfe 
given DY 


equation (1) 


is 


| wr nm the tota 
| sv, } $ a max 
wherein the quant 
must be replaced by the quantity r,/r, be- 


velocity 
Solutions for 


plotted over 
cn fait r 
which are therefore not applicable 


mum 
wh) 


r 
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CO-PIl 


Any one of the parametric curves which pos- 


sesses the property that it, at some point 


reaching its maximum. becomes less than 


Hohmann transfer n us must 


von equations 


for the equality 


some other than the initi 


th 


LEIk 


point 


modul 


will always be equa 


+} ' 
ik \ 


ANAR CIRCULAR ORBITS 


A more precise determination yields 


11.9 387654726 


ansters 0 


“ater than ni us fact Is combine 


previous result e following statement 


: 
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Maximum possible gain for any given r3/r,; plotted over r3/r 
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unity, there exi he two boundaries where the 7! that they continue increase in the 


; 


conjunction ratio is equal to the terminal ratio value of the ordinate 
Both these cases -present ig. 13 shows one concrete application of the 


terminal 


CONCLUDING REMARKS 


ynt f tf the re ; 
a v Su ‘ Lit 


ring trans- 
co-planar orbits. Pre- 


ysis has confirmed that bi-elliptical 
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transfers are applicable and more economical distance from point of interest to center of 
than two-impulse transfers for some cases of attracting body 

transfer between co-planar elliptical orbits, and erit Positive root of x 15x* 

non co-planat as well p largest positive root of x 


x (3 4 y2)x% | 


Nomenclature 


circular velocity of circular orbit REFERENCES 
radius | 1. W. HOHMANN e Err hh eit d 


Oldenbourg 
D. I 
total velocity increment 3 L Rp 


velocity increment . 





APPLICATIONS OF DYNAMIC PROGRAMMING TO SPACE 
GUIDANCE, SATELLITES AND TRAJECTORIES 


RICHARD BELLMAN, STLART DREYFUS and ROBERT KALABA 
| RAND (¢ S M ( 


1. INTRODUCTION 


volved in 


4 PROPERTY OF OPTIMAL TIMI 2OINg Irol to g must be a minimum for this 
PRAJECTORIES the nat! 


na point his statement is a particular case of the 


n phase space. “principle of optimality” 





DYNAMIC PROGRAMMING FOR SPACE GUIDANCI 


3. DYNAMIC PROGRAMMING APPROACH ©. 4 


Then a particularization of equation (3.3) 
It remains to express the foregoing ideas in 


Fa 
VILIUis 


the functional equation 
analytic form. Consider 


f(p) the time consumed In going 


from an arbitrary point 


using an 


optimal path 


Then. the principle of o 


le equation 


path 
all admissible 
equation 


/ 
(7; 


[his equatior 


tional solution 


| ] y 
Similar Conside 


4. BRACHISTOCHRONI 


in the usual fashion 


on, let us introduce 


One conseque iStraints 


as follows , ; 
on y simplify the computational process, as they 


the imme required for a par- should since we have fewer policies to examine 
ticle to fall from (x, y) to Further details of the computational aspects, 


is )) along an optimal which are seldom trivial. will be found in 
path (4.2) Ref. (10) 





RICHARD BELLMAN, STUART DREYFUS and ROBERT KALABA 


5. MINIMUM ENERGY 


multi-stage rockets,“ 
Suppose that we wish to go from p to 


communication, “: 


equipment reliability “° 
ment replacement, “*: '* 


g in propagation, 
phase space, reverting to the general formulation 
ol section 3 at n 


equip- 


and so on 
inimum cost in resources, say The desire for the design of more nearly 
asa 


inimun rel. Regarding /(p.r) not 


systems coupled with the inevitable 


computer technology should bring 


getting [rom 
programming methodology into a 
reasing importance in the future 


of space optimization problems 


REFERENCES 


6 STOCHASTIC AND ADAPTIVI 
CONTROL PROCESSES 


DISCUSSION 


13371955) 
neral Systems 


Optimization 





MISSILE SIMULATION ON AN ELECTRONIC 
DIGITAL COMPUTER 


\. HASKELL EPSTEIN and NORMAN W. PETERSON 


1p Red ( S | | 


Abstract \ 


analog com] 
Another 
recent years will 


digital computers 
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departure 


poimnt ol 

Thus, a 

r than 

iS in real 

rete points. The 
Of these points ts 
ipper bound on the 
general depends 


which the derivatives are 


The lower bound is limited by round- 


and computer time considerations 





MISSILI 


Ihe upper bound is associated with the 


cated series’ nature of the integration me 


Round-off 


Significance 


erro! s dl 


when add 


magnitude 


its movement 

radar system) is us 
co-ordinate system 
a Cartesian system centered at the launch pad 
a spherical system centered at the radar antenna 
latitude and longitude of the missile. All these 
might be necessary to specify the position of the 
missile to the various groups interested. The 
velocity of the missile, likewise, may be specified 
in numerous ways. Its total velocity with refer- 
ence to the center of the Earth at the time of 


launch may be interesting. Of further interest is 


SIMULATION ON A DIGITAI 


COMPUTER 


with resp 


he magnitude o [ 


In order to com aerodynamic 


tr ms may 


equently 


be regarded as subsystems. This may be usefu 
lor iterative purposes In investigating trajectories 
or perhaps for missile combination studies 

In forming the actual subsystem simulation 
the first problem is to state the nature of the 
subsystem—with numerical or analytic method 

so that the computer Can be coded to resemble 
the subsystem. This may take the form of the 


use Of a simple empirical table. For instance 


thrust and propellant flow may be simulated as 
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pressure OF as 


Where more 


ailable. anal 


ry 


.< 


applied 


NORMAN W, PETERSON 


equations are abstractly simular 


enough that 
advantage may be taken of looping techniques 


he machine, instructions appear as binary 


However, no 


narv. Pros 


eference need be made 


lable which 
transformati nemonic 
| 


LUCE 


ne changes 


without the time con- 


initial symbolic 
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One 


simulation which will plague a group using a 


problem not directly connected with 


simulation as a tool is that of record-keeping 


It is frequently imperative to know exactly what 


went into a trajectory that was run months 


azo 


The actual output of the trajectory run may 
not be sufficient for this purpose. The machine can 
keep track of this information, storing it in an 
off-line storage medium such as punched cards 


or magnetic tape. This storage, however, creates 


library probiems and, thus, library searching 


programs are also necessary. These records may 


less automated manner by using 


be kept in a 


off-line card equipment produce tabular 


listings of input quantities and binary changes 


for every run 
If some record technique 
comprete 


Witl 


runs with 


input must be supplied 


record techniques, one may combine pi 


new and thus minimize 


changes 


need voluminous communication bet\ 
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COMPUTER 183 


the programmer or person using the routine and 
the engineer or person utilizing the results 

The output formats of a digital simulation 
are, of course, limited by the output mechanisms 
While 


simple 120-column tabular listings are common 


associated with a given digital machine 
microfilmed graphs and typewritten sheets also 
are occasionally seen 


Io the 
simulation 


engineering group using a digital 


then, the program appears only as 
mathematical equations and logic with associated 
of the 


input and output numbers. The accuracy 


simulation depends on the sophistication 


the mathematical model 
of the machine 


The 


design 


total power of digital simulation as a 
cannot but increase as 
machine 

simulation 
performing 


increasing 


formulating 
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Abstract 


BIAX MEMORY ELEMENT etween the two orthogonal holes. The flux 
Introduction iround eacl must share tl common 
c BIAX memor 


vVaTyIneg 
holes 


ole 


production 


Theory of Operation 
The theory of operation of the BIAX memory 
element can be explained with the aid of Fig. 2 
For purposes of discussion, the upper hole will 
be referred to as the storage hole and the lowe! 
hole will be referred to as the interrogate hole 
Ihe storage hole contains the conductors 
associated with writing into the memory element 
Fig. |. Production BIAX element 
and the sense winding. The interrogate hole 
s . CK > . ; 
Also presented at 1959 WESCON, San Francisco, ©Otains the conductors associated with reading 
lif or interrogation of the element 
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As has been stated. the distance between the 


two holes and the outer wall thicknesses are 


approximately the same. Under these conditions, 
complete magnetic saturation can be achieved 


around a given hole only if all the domains in 


the volume between the two holes are favorably 


oriented. Thus, if one attempts to saturate both 


holes simultaneously. a condition such as that 



































~ 


flux linking 


hole is reduced to approximately of 


shown in Fig and the 


eXists 
each 
that which could be attained if one of the holes 
had no net flux linking it 

lo explain the operation of the BLAX memory 


element more fully, assume that the common 


volume between the two holes is always satur- 


ated. Under these circumstances, it is possible 


to explain the memory operation in terms of the 


resultant domain orientation associated with 


this common volume (see Fig. 2) 


Assuming 
the general conditions shown in Fig. 2 prevailed 


at the time of interrogation and that the flux 


associated with the interrogation currents were 
oriented in the same direction as the flux already 
established around the interrogate hole, then 
this interrogate current would cause domains in 
the common volume to be momentarily re- 
oriented in favor of augmenting the flux around 
the interrogate hole. This reorientation would 


of course, decrease the flux linkages around the 











storage hole and this 446/41 


would give rise to a 
voltage on the sense winding passing through 
the storage hole. It is important to note that the 


sign of this output voltage will be solely de- 


pendent (for a given mode of interrogation) on 
the orientation of the flux encircling the upper 
the time of the thereby 
After the 


interrogate current has terminated, the original 


hole at interrogation 


providing the basis for binary storage 
conditions shown in Fig once more prevail 


and a truly non-destructive interrogation has 


been achieved 


Obviously, other variations in terms of initial 
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is dependent upon the write system that ts 


interrogation 
For example, a coincident current 


conditions and the sign the 


currents are possible and if these are examined employed 
in the light of the example cited, they will pro- write system 


yn for the basic BIAX advisab 


could be used but this is not 


e because this system has definite speed 


vide additional appreciati 
and 1s sensitive material charac- 


the BIAX element 


incident 


s possible by conventional ¢ 


scessary to increase the 
ord 


er that 


T| sia coincident 


from the 


but is basically different 


tional coimcident current system. This 


as been depicted on Fig. 5 and ts 


discussed in more detail below 


Associated with hig! speed write techniques 


such as the oersted second write system there 





BIAX 


exists a basic write-disturb problem. This arises due to the bipolar output characteristic 
current greater than that corre- elements have no basic signal-to-noise 


because any 
value and the only significant 


sponding to the low frequency coercive requirement f: 
will cause some flux change in the element. For is that the residual flux condition does no 











conventional core memory array system urd current 


_ 


would present a serious problem since during Ole to reduce the magnitude « 


signal generated during interrogation 


read-out a large noise output would occur and 
-to-noise ratio. However reduction 


result in a poor signa in output depends on the magnitude 
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es demon- 
possible at 


nsiaeration 


e current 


e curren 


axis The top 
BIAX “0-1-0” 


signal between interrogate 


associated with the write 
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current. Directly above the center inte! ate BIAX 


current is shown 


on ional 
magnetic 
ve the other been 


fora “OQ” 


full 


(The materials 


require substant 
of softer materials 


large tolerance « 


currents with comp! reli vy It should also BIAX Read Characteristics 


be noted the write “! rei writ ‘O” rea It e preced 
write “I” read, sequence ril within ; that the BIAX 


4 sec time interval n conventional magnetic cores 


Ihe above data are sufficient to demonstrate only when 


these write techniques 


that a high speed write system is feasible for a with the BIAX read techniques tl 
i | | 
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he BIAX 1 yn shown in Fig. &, it 


ta ‘ t will be noted that 
sturb problem ; cre’ 


n interrogate current such as to 
the flux associated with the 
\\ 


necessarily 1 


y result in a de- 
ssociated with the storage 
ation of the 
rogate axis 
issociated with 
the change in the 
| result in an 
The polarity 


system < 





ident upon 
torage axis with 


current. It 


the interrogate 


involved 1s a 


ich, of course 


consumes a minimum 
he read Operation is non- 
ation associate 


j 
ind 


la » interrogate operation has been 
er discussion of tl In approximatel musec for a 
1 dimensions 85 S50 mils. As 
volume saturated and the might be expected, the output voltage associated 
applicatior currents the storage with ¢ 
nterrogation axes results in a reorientation of 


vector associated with this common 
volume. Referring to 


; 


the domain 


I 


given interrogate current Is approximately 


linearly related to the amplitude of the interro- 
gate current 


Thus, a 40 mV amplitude signal ts 


the particular for a 200 mA 


vector norma 


turn interrogate current 
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and an 8 mV signal is approximately normal for 
a 40 mA turn interrogate current. This can be 
predicted from considerations of diagrams such 
as Fig. 8 

Io demonstrate 


with this BIAX interrogation is within practical 


that the heating associated 


limits, Fig. 9 presents a stored “1” and a stored 


“O” BIAX Output as a 


currents at a 10 Mc/s rate 


iterrogate 


function 
Thus complete 
readout is occurring in 


these Irequencies no ady 


have been observed. This has been 


investigated by experimentally determining the 
decrease in amplitude of the output signal as a 

The 
| 


simulated at a 


function of the interrogate frequency 


output signal results were then 


very low interrogate rate so that no appreciable 


internal heating occurs. The ambient tempera- 


ture of the medium surrounding the element 
was then increased until the signal output at 
the low frequency interrogate matched that of 


the very high frequency interrogate. This deter- 


mined to a first approximation the internal 


operating temperature of the element at the 


higher frequency 
To date, it has not been possible to determine 


the ultimate frequency at which the BIAX 


element may be used. It has been observed that 


the signal output width is at least as narrow as 
20 musec which is in the vicinity of that associ- 


ated with thin films. This ts also good evidence 


that the cess 1S rotational and 


that 


interrogate pri 
little 


other thar 


Fig. 9 


very domain movement 


rotation occurs. Referring again to 
should be pointed out that trace (a) presents the 
Output for a stored 1°’ while trace (b presel 

Photos (e)n) are 


itudes. As 


the « utpul lor a 
for reduced interrogat rrent amp! 


can be seen 


orerrerr ee 
é, v 


pulse iS Shaped so as 


current 


unipolar output 


The above data on the read characteristics <« 


the BIAX element have employed the 


of a one-pulse interrogate cycle. This system 1s 


concept 


a linear select or word 
the BIAX element is 


a selection by bit 


of course, only useable for 
oriented system. However 
also useable in read system 
his is essentially the type of system that is used 
In a coincident current magnetic core memory 


array. However, the unique method of inter- 
rogating the BIAX element allows for a selection 
by bit read system to be employed where control 
of the amplitude and width of the selection 


current 1s not required 
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Referring to Fig. 10, which shows the hysteresis 


loop with the interrogate axis, 


associated 
assume that the operation point of the interro- 
BI AX that ol 


induction 


gate axes of the elements 1s 


positive magnetic 


OT 


the interrogate ol 


ares 


te 
} 
Al 


1 the initial st 


SI 


ep ¢ 


> AXIS OF 
rst interrogate 
ly 


which 


a relative arge ou 


conductor 
The 
nterrogate oper: 


that 


sense 


;, 
amplifier second pulse associated with 


ition will occur on the )} 
links the 


the 


con- 
to be inter- 


this 


ducto! also element 


rogated. However, current throug! 


| 


U 
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conductor will be positive so as to drive the 


elements associated with the line into positive 
as noticed from 
all 


this Y-line is positive with the 


Howe\ eT 


ol 


magnetic saturation 


Fig. 1] 


sated 
aSSOCTALCO 


(b). the condition the elements 


one to be interrogated. Thus 


rent flows only the element to be 


Cul 


-d will switch from negative saturation 


saturation. Therefore, during the 


ve cycle the output signal 
winding associated will 


tored information. The third 


CU ‘ 
interrogate operation will be a pulse 
which drives the remainder of the 
back 
the 


that 


ne 


I negative Saturation into 


rom 


resulting in original 


rhe 


s shown in Fig. 12 


posit saturation 


initial condition output such an 


operation produces | In this 


case, the setup current pulse is increased in 


duration and decreased in amplitude to exhibit 


the 


again a very small output during setup 





Fig. 12. 500 kc/s two-dimensional interrogation 


(a) interrogate currents, 0-8 A-turn/vert. div 

(b) interrogate flux change, 2:5 V per turn/vert. div 
(c) BIAX “0” output, 40 mV per turn/vert. div 

(d) BIAX “0” output, 40 mV per turn/vert. div 
Horizontal scale for all traces: 0-20 usec/div 


H 


time, whereas 
amplitude and fi 
signal output 
rogation system for a stored “1” is shown in the 
trace (c) and a st “O” it is shown in 
the fourth (d). It should be noted that during this 
interrogate sequence careful control over pulse 
amplitude or pulse duration is not necessary 
since the system is not coincident in time. The 
disadvantage of this system is that it requires 
three pulses to accomplish a complete interroga- 
tion, whereas the other system requires only one 
pulse. In addition, the interrogate axis of many 
elements is switched during the selection process 
\ photograph showing the output associated 


with a stored “1” for this type of interrogate 


system with identical setup and readout pulses 
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is shown in Fig. 13. This operation is occurring 


at a rate of five interrogations per microsecond 
The 
sign of the output associated with the BIAX 


as can be seen from the photograph (a) 


Fig. 13. Multi-megacycle interrogatior 


(a) BIAX output, 40 mV per turn/vert. div 
(b) interrogate hole flux swing; 2:5 V per 
(c) BIAX output, 40 mV per turn/vert. div 
(d) Interrogate hole flux swing, 2:5 V per 
Horizontal scale for all traces: 0-1 usec/div 


element is independent of the direction of the 


flux change in the interrogate axis. The lower 


photograph demonstrates the same readout 


procedure at two interrogations per microsecond 


Environment 
With 


lifficulty is experienced in att 


conventional co! 


over a wide temperature range 


caused by the variation of 


haracteristics with temperature 


vated when low coercive | 
because of their c 


As the 


rerrite 


used rrespon 


Curie temperature amb 


Increases the COeCTL 


and the permeability and 


a considerable increase in disturt 


viIVINY 


noise Characteristic of the elements. A tendency 


toward partial switching 1s also observed whicl 


course, contributes to unreliable operation 


As the 


the ¢ ! point the 


further (towards 


increases 


maximun magnetic 


; by] \ ne 


nduction considerably and gradually 


reduces to zero 


; 


Because of its different principle of operation 
the BIAX memory element does not experience 
The 


that the read system used for the BIAX memory 


these same difficulties reason for this ts 


ASS and $ 
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does not depend upon the existence of a square 
The 


variation of coercivity and the decrease in the 


hysteresis loop for proper operation 
sharpness of the knees of the hysteresis loop 
with temperature rise is not a critical factor in 
the BIAX memory system. To substantiate this, 


a series of laboratory tests were conducted in 
which it was found that the BIAX element per- 
formed satisfactorily up to temperatures in the 
vicinity of the Curie temperature of the material 
BIAX 
array employing square loop materials having 
180 °¢ 


was operated for a period of 12 hr at 125°C with 


used in the elements. For example, a 


a Curie temperature of approximately 


no deterioration of its operational characteristics 


other than a reduction in the output voltage 


amplitude. This decrease in output resulted, of 


course, from the fact that the ambient tempera- 
ture plus some internal heating generated by the 


three-pulse interrogate system had increased 


the temperature of the magnetic material to the 


point some of the domains lost theu 


magnetic properties by exceeding the Curie 


This 


ferrites 


temperature is what would be expected 


from normal since the Curie point is 


distributed over a temperature range 

The results of these tests are shown in the two 
photographs which constitute Fig. 14. For the 
two photographs in Fig. 14, the oscilloscope had 


1 ‘5 
a time base of 2 usec per vertical 


The 


right to left in the 


division and 


amplitude 50 mV per turn per division 


lime Das 


oceeds fron 
Ihe first large initial pulse at the 

ilse corresponding to the setting of 
wation axis. (This information is not 
the entire informa- 
Nea! 
[his pulse represents 
BLAX 
The 


approximately 130 mV 


s composed ofl 


\, axis.) the center of 


ve pulse 
red in the (A Y,) 


element and therefore, the output signal 


pulse mplitude 


Continuing the left, a small pulse is present 


whicl what occurs if the A axis ts not 


position before the Y axis ts 


tne set 


interrogated. This is what would be referred to 


as a noise pulse if there were such a pulse in this 


type of a readout system. The temperatures at 


which these photographs were taken varied 
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25°C, which is shown in trace (; to 


which ts 


from 
125°C, 
noted in the photograph (i) that although the 


shown in trace (i). It will be 


temperature is approaching the Curie tempera- 
ture of the material, the amplitude of this output 
is still more than half the amplitude of the signal 


at 25°C. and that the signal is useable in all 


respects. Again, in_ this. particular 





(a) Output i 
(b) Output signa 
) Output signa 
(d) Output signa 
(e) Output signa 
1) Output signa 
(Z) Output na 
h) Output r 
} Output 


Horizontal s 


only the lari | the 


operation 


critical and not the actual amplitude 


stored “0” would have the same characteristics 


except that the polarity would have been 


negative instead of positive. It should also be 


pointed out that the data observed in this figure 


were with respect to a three-pulse interrogate 


ten 


system. With the one-pulse interrogate system 


the heating is considerably reduced since only 
domain rotation takes place. Consequently, the 
change in output signal is also considerably 
reduced at elevated temperatures for the single 


pulse interrogation system 


Material 


Because of the read system employed with the 


element, the material that may 


BIAX 


be used in 


memory 


the memory element is not critical 


Since a high squareness ratio and very shary 


knees in the hysteresis loop are not required 


switching type material may be employed in the 


BIAX memory element as well as a square loop 


memory material 


has advantages 


contained in the hysteresis loop 


less and the area 


decreased Th in turn, decreases the powel 


dissipated in the writing process. Various 


materials from a number of different manu 


facturers have been employed successfully in the 


laboratory. In fact, if a read-only type of array 


used in the array 


is employed, the materials 
need not all be of the same material nor even of 
the same manufacturer. The magnetic material 
arrays being de 


6B2 


lor 


Standardized at present 


veloped at Aeronutronic is Ferroxcube 


material 


Systems Applications 


The inherent characteristics of the BIAX 


memory element make it extremely well suited 
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for both military and commercial applications 


Its small volume and unique operation make it 
possible to transistorize the peripheral electronic 


equipment that is normally associated with a 


magnetic memory. This ts possible because of 


/ 


the low drive current requirements for both 


write and interrogate operations. In addition 


SCTIC I 1 ; ! constructed 


nirst of U of 


Fig 


elements 


memory arrays constructed 


BIAX 


array 


duction elements 1s shown 1S 


his 


arranged in an & 4 


in 
BIAX 
As 


consists of 256 


array noted in 
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the photograph, the memory package is very 
small due to the fact that the elements may be 


This 
initially 


packaged in contact with one another 


experimental memory array was used 


as a basis for evaluating these elements in a 


an access time ol 


compact conhguration using 


| SOU 


a sheet 
passes 
iiowimng 
nplished 
oted 
nterrogate line 1s perpendicular 


This 1s 


reducing 


nat the 


conducto! course, a 


serise 


advantage in pickup 


| 


ur coupling and 


i computer memory 


BIAX LOGIC 
BIAX 


mhiguration is 


ELEMENT 


The element in a slightly altered geo- 


metric ¢ used as a logic gating 


































































































element and a storage element commonly re 
to asa flip-flop. This new configuration makes us« 


of two intersecting orthogonal holes which 


results in a magnetization-demagnetization type 


of operation. A photograph of a BIAX logic 
element is presented in Fig. 17. The operation 
of the logic element is entirely different than 
that of the memory element, as will be pointed 


out in the following discussion 


Basic BIAX Logic Element 


In describing the basic logic element, it will 





























Fig. 17. BIAX logic element 
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ng this flux 
ntroduced 


ve conductor in the 


gligible output would 
r. How- 


nplitude ts 
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introduced through the drive conductor of the 
top winding in the direction of the arrow, the 


flux will be set up in the counter-clockwise 


direction around the upper hole with negligible 


flux enclosing the lower hole conductors. It 


Fig. 20. BIAX 


that such a 
impossible and that switching occurs over the 
path (A-C) 


laboratory data indicate that only a few pet 


might appear switching path is 


diagonal However, experimental 
cent, if any, of the total flux switched during 
this Operation is retained around the diagonal 
In addition, fabrication of experimental 
flux paths 


path 
elements which restrict the diagona 
demonstrated identical operation as the normal 


BIAX logic elements 


BIAX ‘‘and’’ Gate 
BIAX 


element shown in Fig. 18 


The “and” gate makes use of the 


and the associated 
wiring is shown in Fig. 19. The input to the gate 


element from the flip-flop elements is defined as 














gate operation 


true if no irrent flows from the associated 


flip-flop and is false if a current is present 
Fig. 20 presents the timing diagram for the logic 
gating operation 

has all 


Consider the case where the element 


gate inputs true. In this condition, when the 


logic setup pulse occurs, as shown in the first 
trace of Fig. 20, no gate currents are present 
Accordingly, flux switching will occur and the 


logic setup current will cause the flux to be 
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and 


established around the upper hole. The signal 
existing on the output conductor during this 
setup is ignored. The second pulse that occurs 
is the logic strobe which takes place in the lower 
hole. This results in the re-establishment of the 


flUux around the lower conductor! 


dd di 


outpul 


causing a 
which gives rise to an output on the gate 


conductor, thereby indicating a true 


condition. This is referred to as a “l 


vate 
output and a photograph of this signal ts shown 
, 


n the lower portion of Fig. 20 


Now 


Vnere 


the converse situation will be explained 


more of the inputs to the gate 


the flip-flop are false 


dSignal-t wavef 


noise 


a) Yate c 
b) Gate output s 


vertic 
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before with the 
flux established around the lower hole due to the 


As 


the next logic setup current attempts to initiate 


the initial conditions are as 


logic strobe current of the previous cycle 


flux switching around the upper hole, the gate 


input currents from one or more of the flip-flops 


inhibit the switching operation and no flux ts 
established around the upper hole. (The ampli- 
tude of the gate current need not be as great as 


the logic setup current since the coercive 


the material assists in inhibiting the 


hing operation.) Upon introducing the 


strobe, the flux associated with the lower 


log 


hole is shuttled since switching of this flux to 


ti 
Lilt 


hole did not take place in the previous 


nner 
Upper 


he cycle. Since this shuttle 1s associated 


he ower | 


ole. only a very small amount 


use 1s established on the gate output con- 


This a false condition The output 


ybtained in this condition ts called a zero output 


and 


vertical scale in the 
Fig. 20. A photo- 


s shown expanded in 
diagram of 
ciency of this process is illus- 
which shows the signal-to-noise 

a typical element. It 1s 
or the actual 


-to-norse raullo 


> Output ratio is approximately 
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BIAX ‘‘or’’ Gate 


The actual “‘or-ing” of “and” gates together 


to form the “and-—or” configuration is a necessity 
for any computer logical structure. This is easily 


BIAX 


All that is required is that the 


accomplished in the gating system as 
shown in Fig. 22 


“and” output conductor be looped through the 
Various 
exceptionally ah 


“or-ed’’. Because of the 


signal-to-noise ratio or true-to-false 


voltage ratio exhibited by each “and’ 
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eee 
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S| Tat 
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b 


large numbers of these 


| 


YOOd 


element. “‘or-ing” 


elements is possible while still obtaining 


system signal-to-noise ratios. For example 


assuming each of the “and” gates has a signal- 
“or-ing” 


to-noise ratio of 100: | of twenty of 


“and” gates which are required to be 


these elements together would result 


signal-to-noise ratio of the order of 5:1. The 
terminates as the 


“or” conductor input to 


flip-flop circuit. Flip-flop circuits are composed 
of a transistor amplifier stage and two BIAX 
function and its 


elements which store the 


complement 


Other BIAX Logic Units 
Because the BIAX “and’ 


, 1, ote 
I \ e noted 

















Output conditions are actually Stored in the 


element during the “and” operation and read 
out during the strobe clock time. It is, therefore 
possible to employ only the BIAX logic element 


and an active amplifier for the complete logical 
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The 


associated with the input to a storage 


Structure of a digital system amplifier 


gate iS a 
The 


only 


one-transistor amplifier of simple design 


techniques associated with the use of 


logic elements and active amplifiers are well 
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Structure 


As can be seen from these two figures, 


the only feedback requirement is that a one-half 


bit time delay exists between the readout of a 


given set 


of logic elements and the input of 


information into these elements. This may be 






































nin the timing wavelorms 


Advantages of the BIAX Logic Element 


As noted in previous sections, the BIAX logic 
| : 





element has inherent in it many distinct advan- 7. Ease of system fabrication is a definite 
tages, including asset of the BIAX logic element as can be 
seen from a typical wiring system shown 1 


high signal-to-noise ratio associated 
the “and” > allows [his diagram shows that t 


logic elements 1s 
large number of OgI lements 
problem ol por 


the “‘or”’ line 


Ihe BIAX log 
high speeds d 


magnetic matel 


pendent 
loop \ 
PRACTICAL CONSIDERATION 


Fro! tne pre 1S IISCUSSIONS if 


BIAX log! ment ma nossible t that the BIAX 1 ry and logic 
USE ( nan advantages li ’ | 


Transistors 
sources assoc 


logic stro 


elemel! 


iconduc ( 


‘lements ta a During 
The logic BIAX element is an ex O brication. the ‘ments are adhered one 
reliable element since it a pa rit nother to for heet 1 the sheets are wired 
element. Once a given elem ' ndicated in the diagrat This type of con- 
inspected and found to useable in a ruction has proved quite feasible. The spacing 
system, it lat it V ween the various ane plates may 
1; 


. a ? ’ 7 . " ' " ; n? 
except whe ™ . . Varied as deen >a necessa®ry There S very 


physical environmen heating associated with interrogation and no 
The materials en yu spacin { the pla required for satisfactory 
elements are In particular, a 

material need not have the high squareness he PICé tru o1\ machine 
ratio normally employed in logic elements ve > \ © as can be seen fron 
associated with core systems. Almost any G. 4 this diagram. if BIAX elements are 
ferrite switching type material may be placed eight per linear inch, sixty-four “and 
employed in the logic element. The basic gates per square inch can be accommodated 
material characteristics desired are a low Therefore, a 5 4 in plane would contain 


coercive force and as square a material as approximately 1,280 BIAX elements which 1s 


possible consistent with this low coercivity the equivalent of approximately 7,500 diodes 
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with it. this would result in a maximum of 


200 inputs to the logic board from the flip-flops 


and 200 outputs from the logic board to the 


flip-flops. This would result in a maximum of 


400 connections between flip-flop storage and 


the gating structure. The same system would 


require many more connections if individual 


semi-conductors were employed 


Production 


requ 


illing 


will be pressed in one operation as is now being 


done with the memory elements 


EXTENSIONS OF THE BIAX PRINCIPLE 
Double BIAX Memory 
Ihe double BLAX memory element makes use 


BIAX 


element. The double element ts shown 


of the same phenomena as the normal 


memory 
hole is the center 


interrogate 
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BIAX memory plate output waveform 
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hole: the other two holes are associated with 
storage of information. It should be emphasized 
that the use of the double BLAX element permits 
the interrogation of two binary bits. with 


approximately the same amount of power 


dissipation as is normally required for a single 


element 
An even more complex structure 
bit unit which is shown in Fig. 28. It 


pointed out, however, that 


this elemen 


be very difficult to manufacture 


BIAX Memory Plate 

\ further extensi the BIAX principle 
shown in Fig. 29, whi s a photograph of 
BIAX memory plate \ photograph of 
‘1’ and “0” readout associated with the 
holes of this plate shown in Fig. 30 
readout employed tl three-pulse 


system 


IRIAX Element 


Ihe BIAX pr 
TRIAX prin 


orthogonal axes exist 


fabricated and 


shown in Fig 


. 
3] 


tested Typical 


TRIAX element 


elements 


Such elements have been 


are 
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INTRODUCTION 


Titan and M em; ICBM 
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e A Force Bi 
AFBMD AR D¢ 


Des; 
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gualit \ 
. ] pefore the 
stical data 


meaningful 


tne system 


elements in the AFBMD 
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reliability policy is that numerical requirements 
are being written into contracts at an early 
Such a 
policy is novel in weapon system development 


the 


Stage in the development program 


programs. In past, reliability has usually 


been expressed contractually in qualitative 


terms, and in few instances has been specified 


in numerical terms after several years of opera 


tional deployment 


ESTABLISHING NUMERICAI 


VALLES 


RELIABILITY 


In establishing numeric: value 


for the various subsysten ! whic! 


make up the tota 


recognized that 100 


unattainable but gen 


i design goal 


reliability is 


mptot 
ideal case, inherent 
for which the system is designed and w 
theoretically capable of achieving 


The 


weapon system will not be perfectly smooth but 


actual reliability growth curve for a 


will fluctuate with time because it is. in turn 


made up of a number of other growth 


Curves 


for the various parts of a system. Fig. | (a) and 


APPROACH 
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(b) illustrates typical growth curves for the 


missile and the ground support equipment 


Identified are some typical major events whic! 
can cause fluctuation in the reliability growt! 
but which may ultimately result in higher ove 


Fig. | 


curve of! a 


all reliability 


(c) shows the fluctuations 


in the growth composite weapor 


system, such a curve being a combination of the 
a) and (b) 


If the Air Force waited 


reliability of 


curves of Fig. | 


until the 


the system wi 


weapon 


before accepting system would 


many obsolescence 


time Consequently, reli 


terms 


contractual 
acceptable 


object iherent value 


cc 
ue IS the 


the Air Force 


how 


ACHIEVING RELIABILITY 


weapons 


Ssquadrol 


erational fails whi 


friendly territory arming and fuzing 


system make rtain at a nucleal 


warnead 


will not be accidentally detonated in o1 


OVE 


friendly territory, regardless of what happens to 


the missile. This arming and fuzing system has a 


reliability on the order of one part in ter 


million 
In the hypothetical example shown in Table | 


the LOC minimum acceptable values for the 
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reliability. However, since estimates do vary in 


various subsystems range from 0-88 for guidance 


» 0-99 for the accessory power supply. The — precision—the larger the sample size, the greatet 
requirements the precision 


be accompanied by a statement which describes 


apportionmen it is Important that an estimate 
nade upon he state of the 
the pre yn of the estimate or “how close” the 


true population reliability 








binominal 

e represents 

1 90°, probability 
population lies 
te these concepts 
mn the figure 
dence limits are 
his means that if 
0-75 by actual 

e sample were 
may actually be 
and 0-9. Note that 
ge rapidly with the 
onal testing seems 
ng returns as the 


the sample size 


conhdence 


be somewhere between about 

we double the sample size again 
confidence limit would only 

0-65. When these basic statistical 


are applied to flight tests, we see that 
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an impossible number of tests would be required Everything from components to captive missile 
to verify our 0-75 measurement with a 90 systems is tested and evaluated under carefully 
confidence. We would have demonstrated only controlled laboratory 


0-7 reliability after 182 flights. Obviously performance under ft 
an approach would be economically un proven in 


feasible and would dela ( data at which the formed by 








+ 
| 
| 
T 
| 
| 
; 


ground tests using 


data and othe 
be made very 
turn backed up 
this our contractors n 
VIZOTOUS al 

program 

\ major postulate of the AFBMD test pl 
sophy is that nothing is tested in flight that 
be tested on the ground. In this mannet 
sample sizes are obtained for measuring reli 
ability. The over-all test program can be depicted 
as a pyramid, as shown in Fig. 3. These tests 
have dual objectives: first, to show that the parts 
and the design have the desired performance 
singly and in combination, and are compatible 
with the design: and, second, to show it the tests is truly impressive. Some individual com- 
life expectancy under operating conditions is ponent parts undergo “life” tests of hundreds 


such that reliable operation can be expected. of millions of hours in a simulated operational 
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“Black boxes” may be tested for of the outcome. adds to our storehouse of 
each. A main engine sub knowledge 


acceptance tests 


CRITERIA FOR RELIABILITY PROGRAMS 


‘mentation of the reliability program 


; 


listic missile projects begins 
contractors. A special review 
f AFBMD 

(BMC) 


e criteria 
nto AFBMD 
Ballist 


\ 


Concept and Approach 


I 


exXistt 
nation 
on para 
weight 
rowgressive 


reliability 
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objective should be outlined These steps or 


phases should coincide with the 


monitoring 
points described below, and should lend them- 
selves to periodic and 


reporting program 


analysis 


2. Organization 


Ihe Air Force 
contractor how 
company. It is rec 
be separated 


aspects ol 


MISSIIC 


platitude 


OCeSSINE 


. . ti . < 
CACCULIVE (PTTL CS 


with all aspects 


3. Programming 
should ‘ mec pnase ‘ \ ny 
Ihe 


eacn 


here 
There 


each point of the reliability prograi 


’ 


authority and responsibility of the head o 


working group should be clearly specified so 
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that specific reliability activities can be directed 
and their accomplishment measured. both as to 
progress and completion. All reliability activities 
should be 


scheduled so that they are properly 


phased where phasing so that 


The 


and broken 


S required and 


they may be accomplished when required 


program should be so well defined 
1e people skills 


nents 


requirel 


4. Failure Reporting System 


e AFBMD re 


-piant an 
The 


accumulated operation time 


system m 


records ol 


inciude 


or operation cycles on specified items. These 


data are analysed and transmitted to the design 
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Quality Control 


Vendor Selection and Control Program 


« 


6. Environmental Il esting 


8. Reliability Studies 


allure 


should 


require 


ication of required 


nance ), Operating ume 
as well as the required reli- 
requirements should be realistic 
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determined as early as possible and revised as 


necessary. Environmental conditions specified 
should cover all phases Irom tactory to target 
including shipping, storage, handling and flight 
Since 


function of all the 


the reliability of a weapon system 


elements of the system 


reliability requirements for subsystems, equip 


ments and parts must 
system require! 
requirements 


Standpoint of n 


9. Personnel Indoctrination 


The 


contain 


contractol 
provisk 
work 


product Ss 


whose 


oullons 
and tra 
nel, includ 
a continuo 
nation rr 
newspapers an 
CONSCIOUSIT 
personne 
prepare and de 


ational sympos 


Reliability Demonstration 


contracto! 
he minin 
lanner that 1s n 
contractor and 
in Fig. 2, statistici niques 
strating reliability depe upon 
samples from pt yn lots 
are essentially 
obtain such san ot bi 


AFBMD 


contracto! oO pertorm 


impossible, to 


missiles or major components 


not expect 


However, contractors required 


strate, to their maximun capability tne 


Metl ods 
negotiated between 
AFBMD. Oftentimes the me 


whether o1 


ment ol reliability obrectives 


demonstration are 
contractor and 
of estimating 


not a component 
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subsystem has achieved satisfactory reliability 
consists of assuming an exponential distribution 
of time-to-failure and of determining the mean 
time-to-failure of the item. This is then converted 


to a reliability figure. At other times, where the 
cost of testing a sufficient number of samples 1s 
hibitive onstration of reliability may 


trong and effective reliability 


MONITORING RELIABILITY 
PROGRAMS 


basic 

abl itractually 
AFBMD Ballistic 
Mis nt ) al yy Technology 


STl Wa 
AFBMD 


ler riot 
MOT) « 


BMD ’s 
s | have 


ibout Al 


| } 7. | 
I S Dasea 


’ 
il principles 
guidance 
contractors 


ceaures 


Al BMD and 


levelopment, relia a in con 


periorman logistics obso 


ound a general objective 


lesc ene c 


analytical arriving at an optimun 
functions: this 


We 


balance trade-off 


among 


must be a matte! executive judgment 
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feel that it is unrealistic to expect trade-offs to 


Therefore. we 


always be in favor of reliability 


do not expect complete failure-free operation 


from complex weapons. 100°, reliability 


only unattainable but generally in practica 


BRACHA 


a design goal. However, we do expect 


to 


even 


as 


our contractors carry out an extensive and 


effective reliability program and to demonstrate 
reliability 


quantitatively the attainment of 


objectives to the maximum extent 
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Abstract—A meth 
ment program prior 
conniguratior It 
ipportioned 

The i! 


cipal subsystem wher 


configuratior 


{ 


rules as a success, fat 


engine reliability 


FOREWORD 
[he concepts used and the approach ta 
solve the particular problem discussed in 
paper may be generalized to apply and be utilized 
which the following situations 


lor systems in 


OCCU! 


(1) It 1s desired to evaluate the reliability 


the system against its end use 
The 
development towards an end configuration 


The 


system evolves and there 


system iS in a State of continuous 


intentions of the tests vary as the 


are 


tests specifically for reliability evaluation 


There is a limited number of systems 


available for testing and/or there is a 


limited number of times (perhaps only 


system can be tested 


once) that a 


For large solid rocket engines, each of these 


situations occur. The specific details of the pro- 


posed solutions are presented after the practical 


and statistical problems are discussed. It should 


be noted that this paper specifies how the reli- 


ability of the system can be evaluated; it does 


not discuss how reliability may be improved 


OBJECTIVES AND PROBLEMS 


The objectives are to define and measure 


during a research and development program 


At Force Contract 


* Work performed 
AF 04(647)-309 


under 


and D. 


pelling a 


tives 


K. 


CNnaracteristics 


ability to perform reliab 


certain 


EVALUATION OF LARGE SOLID ROCKET 
ENGINEERING 


DEVELOPMENT 


LLOYD* 


epresentatio 


d the behavior of t 


) pre-specified gr 


oi 


»ezive an mat 


which are indicative of the engine 


ly its function of 


pro- 


missile of one or more stages into a 


area T accomplish these objec 


target 


three major practical and_ statistical 


problems must first be considered 


{ 


Relating 
inan R 


system's 


engine reliability requirements 


and D 


operational reliability 


program to the weapon 


require- 
ments 


valid reliability data in 


and D program when the objectives of the 
tests configuration of the 


vary and the 


engine undergoes continuous modification 
Making eff 


the 
tne 


cient reliability estimates based 


upon results of a limited number of 


full-scale engine te 


DISCUSSION OF PROBLEMS 


The ultimate intention for a given missile 


is that it will fall within a certain 


target 


area. This intention can be projected int 


single-stage engine reliability requirements 
as implying that for successful operation 


of the missile there should be no cata- 


strophic failure which would result in 


mission abort nor any _ unsatisfactory 


performance which would result in a 
significant target miss. On the other hand 
operation of a given engine which exhibits 


no catastrophic failure and for which the 
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performance parameters all lie within 


specified limits would, assuming success- 


ful the remainder of the 


missile 


operation ol 
produce a scatter of hits in and 


around the target area. The ground rules 


which interpret the success or failure 


criteria of the weapon system into the 


success or failure criteria of the engine 


may, to a certain extent, be based on 


engineering and arbitrary judgments. How- 
ever, providing the ground rules are clearly 
stated, understood and rigorously applied 


reliability estimates can be made which 


are valid within the framework of those 


ground rules. Furthermore, only develop 


mental test stand firings can be utilized 


for reliability evaluation during the pro- 


gram, since flight tests will not yet have 


been conducted. Thus, the effect of per- 


; 


interactions of an engine with 


formance 
the remainder of the systems in the missile 


cannot be comprehensively known during 


this period. Therefore, if reliability 1s de 


fined as the probability 
operation ol the weapol 


reliability of the engine 


subsystem of that weapon system 
interpreted as the probability of st 


This 


be regarded as the probab lity 


engine 


operation of the 


ing within engine specifications 


relationship between 


‘lability whic 


ted to display Or 


contractually would depend 


on the the engine, the 


number of units ; ir testing. and 


the reliability weapon 


systen 


I he 


applicability of engineering develop 


reliability evaluation 1s 
dependen yn the validity of ie data and 
and circumstances of the 


the 


the intention 


tests generating the data. Generally 


developmental testing differs 


Reliability 


involve a 


nature ol 


from reliability testing testing 


would usually large homo- 


and 


D 


K 
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geneous sample of engines representative 
of the final configuration. It is generally 
not practical to produce a large number 
of expensive engines specifically to demon- 
Strate the system’s reliability. Even if this 
were done, by the time production and 
testing were completed the reliability 
results would refer to an obsolescent con- 
figuration, since simultaneous engineering 
testing would probably have resulted in 
design Conse- 


further improvements 


quently, in this program reliability must 
be estimated from the results of R and D 
tests. However 


engineering engineering 


testing 1s usually performed with small 
sample sizes on changing configurations 
take 


account the objectives of an engineering 


Therefore, it 1s necessary to into 


test. to ascertain how these objectives 


differ from those of a reliability test and 


, eo ‘ 
O see il 


it 1s possible to reconcile the 


two. This must be done without restricting 


the exploratory nature of development 


esting 


This is accomplished by “screening” 


the engineering tests for reliability use by 


‘ans of the “Declaration Policy” and 


determining the degree of 


representation 


f the engine towards its flight con- 


figuration. Thus, even though the item ts 


evolving during the R and D test period 


representative data can be obtained and 


ised to determine a valid estimate of 


reliability 
lhe foregoing discussion implies that only 
will be used for 


engine tests 


evaluation \ 


full-scale 


reliability development 


for state-of-the-art solid pro- 


program 


nellant engines involves a great deal of 


experimental testing with subscale engines 


Initial feasibility studies for new ofr 


modified propellant formulations are best 


most economically undertaken in 


small and subscale engines in order to 


yrovide evidence that the propellant will 


s/t 


satisfy internal ballistic requirements in 


the full-scale engines. In many instances, 


accurate scaling predictions of internal 
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ballistic performance can be established 


Further testing with subscale engines is 


undertaken in order to determine pro- 


perties of charge and case designs, insula- 


tion materials. movable nozzle designs 


for the full-scale engine 


etc 


However, there exist differences be 


tween subscale and full-scale engines 


which cannot be completely resolved by 


the use of scaling correlation fact 


For example, these differences 


problems of 


| 

‘ 

hiner 
ine! 


lal 


gineering 


‘lopme 


product requirement 


yn! irg 


obtainable « 


\ 


representall\ 


engines sufficient! 


design configuration 


Since there are only a limited number 


full-scale engines representative of final 


configuration available for testing he 


0 | eliability 


method of making r 


Statistical 
evaluations becomes of great importance 


The 


this 


Statistical technique, introduced in 


" 


program super sedes “the product 


rule’ method by allowing more efficient 


confidence limits to be estimated 
DESCRIPTION AND CONDUCT OF THI 
PROGRAM 
The program is divided into four parts 
A method of system apportionment 


ol R D 


results for reliability evaluation 


(a) 


(b) a method classifying and test 


(c) a declaration policy 


(d) a new technique of estimating reliability 


System Apportionment 
To 


compensate for the relatively small 


O} 
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it 


of of full-scale iS 


essential that all representative data be utilized 


number tests engines, 


[his is done by apportioning the engine into 
three principal subsystems, and each engine test 


evaluated in terms of the behavior of the 


IS 


principal subsystems he fact 


ne 


engi 
configuration 
the evaluatior 


me 
ne! 


mal repre 


three principa 


system (A) 
SVSILel 1(B) 


ne principa 


firing W as applicable o1 


engine 
evalua- 
the 


iL 


inapplicable fo reliability 


In order to determine which of 
ull-scale test firing 


of flight 


sub 


won 
systems being te 


are sufficiently con- 


figuration to be 


it is necessary to set up criteria which determine 


the subsystem’s applicability (cf. Table 1) 


Test Result Classification 


Those tests are applicable will be 


evaluated and categorized as exclusion, failure 


or 4 result may be excluded prior to 


SUCCESS 


circumstances which permit this 


the 


| able 2 


this test, 


are listed in 


Each principal subsystem will be classified as 


having succeeded or failed depending on 


whether its performance in operational use 


would have resulted in a successful or failing 


flight 
for causes external to the subsystem, the sub- 


[he exception to this would occur when 


system was not given the opportunity to succeed 
fail 


Table 3 


or The detailed ground rules are given in 
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Table 3. Ground Rules for Classification of Test Results 





Propellant charge-ignition subsystem (A) 


ibsystem does not excluded: and performance current mode 


ation timiuts 


yverformance outside 


tt 


le deciarati 


, 
/ 
7) 
a) 

S. 


not excluded and pert wrammed for the 
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ipal subsystem must 

tively high reliability 

must thereiore, occur How- 

rt for 8. 2 a Sa r, at the beginning of the program several 
as soon as aiiures may occul establishing such a high 


i¢ test data are reduced. The data cumulative failure rate that. were there no 


aluated by the contractor's reliability provision for discarding data. an exorbitantly 
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arge number of successful tests would be needed 


before the earlier failure rate would ‘ab 


sorbed”. This is not feasible, and in a develop- 


ment program which expects to improve the 


product, it 1s not realistic to handle the data 


way. If these failures were random failures o1 


causes, then it 


unassignable 


would not be legitimate to discard 


failures due to 


the earlier 
data, as this failure pattern would be the mani- 
festation of the inherent reliability and. as such 


would indicate that the subsystem was not 


sufficiently reliable. However, the earlier failures 
are not generally random; i.e., they do have 
assignable causes, and in a development program 


are subject to analysis and corrective action 


ve action is called a reliability 


design change, which ts defined as a modification 
observed failure and 


to correct l previously 


intended all subsequent 


Data 


design change will be regarded as homogeneous 


must be to appear on 


engines generated after the reliability 


and earlier data discarded as being no longer 


representative of the current design. Data pro- 
duced after the reliability design change will be 


called “current data’. The decision as to what 
constitutes a reliability design change is subject 
to the approval of the program manager and 


relates only to that particular subsystem for 


which corrective action has been taken 


All engine reliability estimates (as described 
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in the example below) will be based on current arbitrarily assigned to the individual principa 
data only. Thus, when counting applicable tests subsystems. This is done for all possible arrange 


f 


further ments consistent with the number of failures an 


the count should not be extended any 
back than the last reliability design change | ests appearing | 1e€ unassignable 
each principal subsystem Thus, when ailures are added 


aneve 


Performance Reproducibility 
Performance roducibility 

porated into the 

described in th 

Into 

Howey 


tain 


Engine Reliability Estimation 
Te EL ETE LET, I 
Engine 
principal subsysten 
it will generally be 
the principal subsys 
failed or been ex 
classification can 
but it is not known wi 
failed. While it 1s desi 
completely eacl 
sull represents ystem failure and must atin e results as shown 
incorporated into any system reliability imi will be nd convenient. During ea 


rhe general procedure ts as follows: The number __princips ibsystems are physically present 
of applicable tests on each principal subsysten mi nay n applicable for reliability 
are determined. The minimum of these three valuati rding to the § ind rules. 1] 
numbers, N. gives the number of equivalent — result of the te yr each of subsysten 

engine tests performed. To compute the reli- C will be success (S), failure (F) or exclusion 
ability for the engine it is necessary to count the (which is indicated by a blank in the table). lr 
number of known failures which occurred in the addition, there may be unassignable failures 


last N tests of each subsystem. In addition, those These are indicated under that combination <¢ 


failures which have not been assigned or attri- subsystems (AB, BC, AC or ABC) which con 


buted to any subsystem in particular are tains the potential failing subsystem(s). The 


following Table 4 of hypothetical results, to 
Ihe mathematical basis for the method of reliab ¥ 2 
timation is based upon the w k , rihed in Ref. (1 gether with accompanying detailed explanation 
es < 0 S asead upor we WO aesel CC n c (I . - . 


and (2) and the tables in Ref. (3) will clarify the above discussion 
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Table 4. 





Assignable alt Unassignable failures 





e above ybtaining the engine reliability 


eriencing tl west in r of test timat ily those results marked by an 

thus, ; li num < iva l asteris n tl i During the period of testing 

complete engines have bee sted the \ gin ’ known failures and 
Counting back from test No. 9 ie last fis I ible failur ) te No. & B has no 
tests ach principal subsysten und now ailures, two possible failures (one in 
that Wi present and applicable 1 est te ( » and one in test No. 8). C has one 
Nos 5: subsvstem B in tests Nos : 1OW! ailu in test No. 5 and two possible 


}, 6, 5 and su n in tests Nos. 8, 7,6, 5 failures in tests Nos. 6 and 8. All the possible 


and 3. Thus, only the results of the aforemen- arrangements of the unassignable failures are 


tioned tests | each subsystem should be shown below 
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0, O, 1, 
added to each of the above arrangements to give 
all known 


assignable 4 


The known failures respectively, are 


possible variations, both and un- 


in the notation (A f,. f.) these 


become 


>tirst comobpinal 


a value of 7-6 per ce! 


strated reliability at 


Fig. 3. 95 per cent lower confidence limit to true reliabili 


40) 


subsystem 
equivalent 


serial system with N(5 N trials per 
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level. The next three combinations give 16-3 per 
cent and the last combination gives 18-9 per cent 

[he minimum of the possible reliabilities: i.e 
7-6 per cent with 95 per cent confidence is the re- 


ported reliability. In this example, based on hypo- 


r\ 


thetical test results, the possible reliabilities va 


considerably because of two facts. Firstly. there 


s much greater proportion of unassignable 


ad 


I the 


failures than known failures and. therefore 


arrangements greatly 
secondly 


and 


*s 


Genera 


* 
oe s tS 
+ . te . 


of r suDsysten 


f+) 


a ree 


{ f 


t 
t 


lure combDinations 
combinations 


ty for observed fai 
(All 
) 


permutations of failure f are 
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The best estimate of reliability, as obtained 
3). 


from the worst combination of failures (0, 0. 


given by the formula ts 


OV (Ss 0) tS 


reliability at a 


confidence leve given number of 


Table 5 


List of Failure Combinations 
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trials, A 5-40, and a particular combination 
fs) 


from O 


The figure covers values of 


20; 


of failures (/,. fo. 
(J, f, f.) 


failure combinations are plotted 


however, not all 


Table 5 


to 
lists 


in descending order with respect to the reliability 


values, various failure combinations. Only those 
combinations marked with a single asterisk have 


been plotted. Thus, if it is necessary to obtain a 


reliability estimate for a combination not 


in Order of Descending Reliability 





Combinatior 


7 failures 





timate 


reliability 


is ODtall 


unless two ol 


S given 
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plotted, e.g. (3, 3, 1), it can be done for any 
particular N by interpolating between the curves 
for (3, 2, 2) and (4, 2, 1). Ref. (3) allows reliability 
estimates to be obtained for a wider range of A 


and various confidence levels 


CONCLUSION 
Ihe paper has shown how the reliability of an 
engine can be estimated from engineering 
development tests without restricting the explora- 
tory nature of the tests. These estimates can be 


obtained even though the configuration and/o1 
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hardware being evaluated has not reached its 


final design. The statistical technique used in 


the analysis of the data results in a more efficient 
confidence estimate and thereby supersedes the 


product rule for interval estimation 
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ered flight phase can 

Stages oO! active pro 

terminating at engine cutoff which 

a specihied time period when 


is reached. The free flight phase 
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extends from engine cutoff to a point on the each stage of propulsion where the thermal 
trajectory at which the re-entry vehicle re-enters stresses are increasing but are of short time 
the effective atmosphere. The re-entry phase duration. Equipment vibrational amplitudes 
extends from this point of atmospheric contact and frequencies can also be estimated for each 
to the point of impact stage of powered flight where the vibrational 

In each of these flight phases the environ- _ stress is of the longest time period. Although the 


mental stresses can be analytically estimated for free flight phase accounts for the greatest 
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in Figs. | and kev environmental 
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accelerat on afe 


time in phase 14 


e is subjected 


environmenta 
ring the re-entry phase 


operation 
» time involved ts of extremely short duration 
environment , 
It can be seen that environmental consideration 
flight operation 
can be directed to each of the phases of re-entry 

equipment group as subjected 
vehicle flight, where the stress levels and time 
flight environment 
durations can be analysed for the various 
equipment group as subjected t 
equipment groupings 
preflight environment ; ' 
Ihe same approach can be taken in deter- 
test stress level 
mining the environmental stresses in the pre- 

test duration 

flight operation. This can be accomplished by 


For example, the equipment temperature en considering each of the preflight operational 


vironment can be estimated for each group at phases which can be designated under the 
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t is, then, possible to establish the’stress levels 
. 


tl the 
be 


in the several phases of the flight and 


e various environments to which 


and associated equipment will 


; 
C4 


yperation (Fig. 3). The time periods at 


stress levels and the 


equipment 
“ments within these time phases 


with available te lata in the 


“ot 
. Ut 


analysis 











rational equip 


re are four major test activities in the 


development program. These are: design 


ation testing, equipment acceptance test 


ting and flight testing. Each of these 


yrovides valuable data relative to 


the equipment operation under specified en 


al conditions. Within the overall test 


vironment 


program, design 


qualification tests are of major 


impo in providing 
The 
testing program provides for an examination of 
ls Lo 


1 in operation, allowing the establish- 


rlance environ- 


equipment 
mental data equipment design qualification 


the stress leve which the equipment may be 


Lec 
ol 
4) 


relative 


subyec 


ment adequate environmental test limits 


(Fig These tests provide system operational 


data to the environmental stresses as 


specified. The equipment qualification program 


in conjunction with the field and flight tests, 
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All test 


development 


stress levels can be determined (Fig. 5) 


data obtained throughout the 


program are utilized to the fullest extent in the 


prediction of system survival in its functional 


environment 


In predicting system irvival under 


environmental st test data are 


VaTIOUS 


accrued from all functiona environmental 


velopment al 


a on bot 


nal equipment. TI] 


DATA INPUTS 
a ec ie 


QUALIFICATION 
DATA 
| (COMP. & SYSTEM) 
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DATA 
|(COMP. & SYSTEM) 








| FIELD DATA 
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provisions tor equipment test time, test environ- 


ment and test results (Fig. 6). This data log can 


provide a test history of all system equipment 


and can be used in the statistical analysis of 


equipment operational life 

The prediction analysis can include a testing 
plan, using equipment test data that is compiled 
throughout the development program. Basically 
the equipment that ts tested represents a sample 
V. of one of more units subjected to phases of 
the operational environment, e,, for a given test 
period, ¢;. The number of failures, X, if any, ts 
noted and the results are used in estimating the 
probability of survival of this type of equipment 
in the operational environments for the required 


probability of equipment 


periods. Here the 


and JOHN S. YOl 


TCHEFI 


survival can be predicted in the various opera- 
tional environments. This is done by computing 
the component operational failure rate for the 
environmental stresses considered.) The maxi- 


mum likelihood estimate is 
(1) 


correction factor relating the test 


to the operational environment 


{ MECHANIZED RELIABILITY DATA SYSTEM fs 


Here, the operational failure rate upper bound 
can be computed to any desired confidence as 
determined by the choice of the normal deviate. 


K 


[he system operational failure rate can be 


found as 


(4) 


The upper bound on this failure rate can 
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again be computed to the desired confidence It is also possible to determine the amount and 
level type of testing required to insure a specified 


K% \ (4A, K%X K'c?) survival probability with a given confidence 


4 
) ‘-) Tables based on a sequential life test plan can 


also be utilized for obtaining the equipment 
he survival probability values for various test 
— times and test results, sequentially compiled 
during equipment testing (Figs. 7 and 8).@ 
Reliability indice ymputed n the These tables provide a means of keeping track 


predicted failure rate for both the component quipment reliability in a given operational 














and syste! > reliability best estim: can environment as the test results are accumulated 
expressed a during the various test phases of the system 
development program 

The seliabiliey lower bound can also be found : [hese prediction methods require that the 


equipment failures in the area of interest are 


R exp Ml subject to an exponential chance—failure curve 
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Fig. 8. Equipment survival probability 
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This can be verified or modified as test data are particular component type has been subjected 
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ponents involved, it was obvious that more than 


ordinary care would be required in circuit design 


and component selection to meet the reliability 


requirement. It was also apparent that all 


failures, (especially those occurring during the 


developmental and early manufacturing periods) 


would have to be studied carefully for informa- 


tion which would lead to product improvement 


and increased reliability. In this respect recent 
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System and Component Description 


Ihe Athena*® (¢ Titan Ground 


omputer [or the 
s a large-scale digital machine 


ately 30.000 diodes. 10.000 


Fig 


puter complete with its power supply 


| ises approxi 


\ 


and 35,000 resistors | shows the 


Athena con 


and peripheral equipment 


transistors 


Ihe rollout of one 


computer bay is shown in the open position in 


Figs. 2 and 3 so that the hermetically sealed 


seen in place. These chassis 


chassis 


contain the logical elements of the computer 


details of their construction are shown 


and the 


6. Each chassis contains two printed 


circuit boards made of fiberglass-epoxy laminate 


with copper foil on one side. These chassis are 


made with extreme care. Their assembly ts a 


“clean room” operation with temperature and 
white smocks and gloves for 


All 


the circuit 


humidity control 


all operators, and strict process control 


components are hand-mounted on 


boards, and are dip-soldered on a selective 


soldering machine which permits masking so as 
to expose only those areas where solder ts 


Finally, the chassis cover is secured by 


baked and 


desired 


induction soldering, the unit ts 


* Trademark of Sperry Rand Corporation 
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Fig. 6 


evacuated, and then pressurized with a mixture 
of dry nitrogen and helium. The entire computer 
is designed and assembled with reliability as 
the basic consideration. The failure records for 
the four Athena computers in the field show that 
none of the failures experienced to date in 
approximately 13,200 hr of machine operation 
has followed a pattern might be considered 


as random 


Failure Examples 

A good example of the dividends that can 
accrue as a result of the careful analysis of an 
apparently prosaic failure occurred during the 
development period of Athena, Serial Il. A 
sealed chassis used as a magnetic drum head 
amplifier displayed intermittent operation. A 
rather complex analytical tool known as a 
chassis tester was used first to locate the region 
of failure within the chassis. Additional measure- 
ments made externally at the chassis connector 
indicated a shorted transistor. Because of good 
external evidence the chassis cover was carefully 
unsealed, and by direct measurements at the 
suspected component the diagnosis of shorted 
transistor was “confirmed”. At this point the 
removal of the transistor would be normally 


justified, and its replacement, in this case, with 


a new transistor 
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observed condition. Another random tran-_ which is low enough to prevent damage to semi- 


sistor failure would have been logged conductor devices. By means of a pindrill a 


It was decided, however, to look a little small hole was drilled through the printed circuit 


board near the partially soldered transistor lead 


deeper. In examining the printed circuit board 


tec shown in the 


1 that the holes through which hole. The exact point selected ts 


1 drawing of Fig. &. It can be seen 


/ 


1G hase tI transistor pass CTOSS SeCUOT 


pletely th solder (see that the transistor has a depression, or shallow 
ts glass insulator-seal which facilitated 


\ hypodermic syringe was then used 


} 


astic slowly rough t pin hole 


ras 


and plastic was 
holes. Using 


“Was also 


plastic was complete 
Ihe results are shown in 


“as Ihe solder bridge was actually 
nece | failure, and when it was removed 
had encapsulated transistor displayed normal 


dissection. After some research the operatio! 
was found in one of the thermo-setting polyester As a result of this investigation several changes 
resins. This plastic will set at a temperature were made in the design of the printed circuit 
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er example of interest involved Athena 
which produced occasional random 

m the console information at the 
was thought to be 


Ihe errors 





heads It Was 

ting spare heads corrected 
Considering the number of 
ystem, these two could 


regarded as the sort of random 


failure you have to expect now and then 


replaced by good heads and discarded 
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Figure 11 shows the construction of these 
heads. The ferrite core is made in halves and 
fitted into the coil bobbin. An “air gap” ts 


maintained by a thin silver shim. By means of a 


bent spring and potting compound the entire 


assembly is held firmly in the anodized aluminum 
shell 

It was first observed that both heads display ed 
a resistance leakage path to the shell (i.e. ground) 
Because this suggested internal damage (perhaps 
due to assembly), and because of the possibility 
of destroying subtle evidence in a blind attempt 
at dissection, the suspicious heads were X-rayed 
The results of these X-rays are shown in Figs. 12 


allure was seen In 


which appeared 
dpe in contact 
could account 
ground. In this case also yu > reasoned 
that tl actual area 


vould be small indeed a1 


| +} 


qgisse ! { sing 


F z 5. Equivalent rcuit analysis 

head could cause errors. (a) Partial read—write schematic Jiagran 

(b) Simplified equivalent circuit. A resistive short to ground fron 

the coil in the magnetic drum head provides a path for ground 

noise and power supply noise through the — 10 V supply to the read 

amplifier input. This causes bits to be read when the headswitch is 
open 
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decided to lap into the suspected area in a plane 


parallel to the plane of the shim. By 


proper 
selection of abrasives and the application of 
care to the lapping process, it was possible to 
reveal the precise point of failure. From the 
results of the dissection as shown in Fig. 14, it 
seems likely that assemblers were using the coil 


as a backstop or positioning device for the silver 


and | 


PETERSON 


shim. The introduction of the potting compound 


under pressure may well have helped to establish 


electrical contact between coil and shim 


Simplified equivalent circuits of Fig. 15 show 


how the fault permitted power supply and 


ground noise pulses to be picked up in the low 
level read circuit 
above, certain 


In view of the design and 


assembly changes were made to prevent recur- 
rence of these failures, and all such heads 1n the 


| 


field measured to eliminate other potential 


failures. As in the case of the transistor mounting 
problem, needed design changes would not have 


been made had it not been decided to analyse 


these random failures carefully 
Occasionally an investigation of an “ordinary” 
failure will result in the discovery of a component 
manufacturing problem. Some rather surprising 
defects have been discovered which would have 
seriously 


affected the reliability of equipment 


using them. A recent example of this involved a 
power transistor used in the Athena Computer 
Ihe manufacturer decided to change the flat 
cap, or cover, of the transistor to the pinch-off 
style and still retain the same overall height for 


the unit. Effectively this meant that the available 
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height inside the unit was reduced by approxi- 
mately { in. An alert inspector noticed that one 


or two of the newly redesigned transistors 


which failed early due to internal short circuits 
were actually intermittent and also pressure 
That is, 


by slight pressures applied to the case of the 


sensitive they could be made to short 


transistor. A random sample of new units was 


X-ray 


16. It was apparent that whereas 


therefore examined by with the results 
shown in Fig 
the top cap had been redesigned, the old header 
with its long internal electrodes, was still in use 


(see | ig 17). These electrodes varied slightly in 


Fig. 18 


length from unit to unit, but quite frequently 
were long enough to produce a 3-way short of 
the transistor. Sull others were perilously close 
just waiting to join the ranks of future inter- 
mittent failures 


Ihe manufacturer was contacted immediately 


RANDOM 


FAILURES 


and told of our findings. The defect had not yet 
been discovered at the factory, but immediate 
steps were taken to recall all deliveries of the 


new units. An interesting sidelight here is the 


fact that the manufacturer had observed a rather 
high rejection rate during production due to 
internal short circuits. It seems likely, however 


that he chose to regard these as random 


failures 


In another instance. a failure which would 


have affected a guidance program was traced 


to an open emitter in a surface barrier transistor 


This was an interesting failure since these units 


usually fail as a result of a collector—emitter short 


Occasionally when they were used in an un- 


protected test circuit they might short first, and 


then burn open. But this was not possible in the 


computer circuit, and other component in 


| 


evidence of mal- 


the failed circuit 


function. It was dec have a look inside 
the failed transistor 
Surface barrier transistors are quite small, and 


Again, the 


inside 


easy to dissect properly 


not too 
X-ray was 


before dissection was begun. Fig 


record the 


used t Situation 
18 shows that 

the emitter had pulled free from the indium dot 

was carefully opened and 

“kink” 

in the emitter lead which appeared tn 


(Fig. 19) 


failure 


on the base. The unit 


examined under a microscope. The 
bend 


xX ray 


apparently respo 


was now plainly evident and 


| hese 


collector and emitter leads are only | mil in 


diameter, but they are quite stiff. Thus, the bend 
in this lead “spring loaded” it, and under tension 
it slowly worked its way through the soft indium 
until it snapped free. The path it traveled in the 
indium could also be seen under the microscope 


As a 


manipulator 


final check 


using a home-made micro 
the loose lead was carefully placed 
back into the indium from which it had broken 
free, and the unit again displayed transistor 
action. In this case the analysis had vindicated 
our circuit design 

\ rather useful by-product of failure analysis 
methods in use at RRU is the final example 


Recently, it became necessary to make a choice 


of a silicon power rectifier from two apparently 


The 


equal components time factor made it 
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impossible to conduct comparative life testing 


It was decided that in addition to short-term 


electrical evaluations random samples of these 
components would undergo dissection studies 


Some of these were failures from prototype 


test units, some were failures from accelerated 
life tests, and some were new units 
electrical 


In addition to somewhat poorer 


behavior on the part of one unit it was shown 


that it had some rather poor mechanical design 


Fig. 19 


features \ seven-conductor stranded cable 


constitutes the flexible anode lead, and each end 


of this lead was probably dipped in what appears 


to be a high lead content solder. One end was 


then crimped into a connector lug, and the other 
end crimped into the terminal top of the rectifier 


case. Several of these terminations were elec- 


trically and mechanically unsound. Further- 


more, the center conductor of the anode cable 


was not well-soldered at its terminations in most 


cases (Figs. 20 and 21). In those units which 


were encapsulated in plastic and dissected, some 


were found with small metallic “balls” inside 


and | E 
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,» 


the unit (Fig. 22). In another the heat of normal 


operation was beginning to warp the silicon 
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crystal away from its contact with the copper 
case (cathode connection, see Fig. 23). With 
this much additional evidence it was not difficult 


to decide in favor of the other unit 


CONCLUSIONS 

Much space is given over in the literature 
these days to the increasing importance of 
reliability in complex weapons systems. There 
are frequent demonstrations of the fact that the 
failure of some small or inexpensive component 
can result in a failed mission costing millions of 
dollars. It is certain that there are many 
approaches to the problem of achieving this 
necessary increased reliability. At Remington 
Rand Univac we have attempted to achieve a 
“reliability attitude’ which requires, among 
other things, close attention to the subtle details 
of reliability problems. One of these subtle 
details is the analysis of random failures 

It has been the purpose of this paper to point 
out advantages which have resulted from the 


careful analysis of failures at Remington Rand 





Univac. In several selected examples the dangers 
of disregarding the “infrequent”, “ordinary” or 
“one of a kind” failure were pointed out. It was 
shown that these failures can sometimes hide 
needed design changes. It was also shown that 
even in the case of components with good 
reliability records, trouble can occur, and that 
failure analysis can prevent these components 
from finding their way into reliable equipment 
By another example it was demonstrated that 
the methods of failure analysis can be used to 
aid in the total evaluation of components being 
considered for high reliability systems 

The four Athena Computers have now accu- 
mulated operational experience in excess of 
13,200 machine hr with individual mean times 
to failure ranging from 203 hr to 533 hr. Careful 
attention to minor details in the selection of 
components, the design of the circuitry, the 


packaging of components and the manufacturing 


process is responsible in large measure for these 


records. It is also apparent at Remington Rand 
Univac that no intense reliability effort is com- 
plete without careful analysis of random 


failures. 
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and 
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entavuion control 


remote oO! 
None of these problems appear 
today’s technology, but each 
uire considerable attention before useful 
be built 
great concern is the state of the 

art. Expediency would require a quite different 


The 


makes it 


system than would long range economics 


present high cost of satellite erection 


seem daring, at present, to think in terms of a 
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few light satellites in crude orbits of a few 


hundred miles altitude. Systems based upon 


such satellites are clearly within the state of the 
art, however, and would have immediate useful- 
ness. Ultimately one will want complex satellites 


at an altitude of 22,300 miles in extremely 


accurate equatorial 24-hr orbits where they will 
Stay at fixed positions with respect to the surface 


of the Earth. Such a system seems far beyond 


our present abilities, but this story would not 


be complete without a consideration of the 


ultimate system, and it is not too early to begin 


research directed toward such an objective 
Both active and passive repeaters have been 


proposed Pierce and 


Kompfner have 
described in some detail a system using passive 


Sucl da systen 


spherical satellites as reflectors 
would require large tracking antennas and higl 


power on the ground. Other passive reflect 


both planar and doubly curved 


| = 
would De 


smaller for the same transmission 


/ 


require various degrees of orientation cont 


Several possible repeater configurations 


| and 2 and are described 


shown in Figs 
next section 
Even a comparatively small 


repeater could send to Earth a 


signal than could be obtained from 


repeater, and would require only 


power on the ground. However, the 


or life of an active including 


repeater 
power supply and radio equipment is at present 


unevaluated. Further, as compared with passive 


repeaters, active repeaters have limited band- 


width and linearity. and hence have limited 


channel capacity and flexibility. It would, fi 


Tr 


instance, probably be undesirable to use a single 


several simultaneous but inde- 


amplifier for 


pendent signals because of the cross-talk 
problem 

For large volume point to point communica- 
tion and for some military applications, large 
terminal installations are necessary to guarantee 
from interference from other radio 
Such 
reliability and long life 


look 


quiring relatively little traffic to mobile locations 


freedom 


sources system requirements, including 


make passive repeaters 


most promising. For military systems re- 
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terminal simplicity and portability are para- 


mount, and an active satellite repeater is required 


After considering various repeater configura- 


tions we will discuss the state of the art which is 
pertinent to the design of satellite relay systems 


including methods of modulation, antenna 


problems, propagation and interference, and 


system requirements. Finally we will present 


several system examples based upon these 


principles. Some of this material is also presented 
somewha {dvance 


Science 


with 
inl Spa c 


different emphasis in 
published in 1959 by Academic 


Press 


COMPARISON OF SATELLITE 
\ large variety ofl 


been suggested fron 


REPEATERS 
configurations 


Severa 


repeatel 
time 


shown in | 


INOSPHERE 


(1) A spherical (balloon) reflector (Fig a) 
Ihis has been described at length by Pierce and 
Kompfner Io a close approximation a sphere 


re-radiates energy isotropically and thus gives 


an attenuation between ground terminals of 


Py 16 \“p p 
P {, Asn? D? 
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Ihe angle subtended 


hr satellite ts 


R000 


rad (13) 


+ 


26.300 


realized at the 


Thus 
Eartl 


4 


the maximum gain 


horizon within this limitation 1s 


3 15 dB from an antenna having 


Higher 


directing 


Or 
dB 


would 


ls axial gall antennas 


gain 


require to particular 


geographical areas 


“Balanced” design (Fig. 2 (d) ). This is a 


n which the weight and com- 


repeater | 
plexity of the antennas are commensurate 
with the weight and complexity required 


to give the required output power. The 


balance calls for high gain antennas which 


in some cases must be independently 


directed toward the terminal stations 


e economic balance between power and 


it in the satellite is almost entirely a compe- 


tition between antenna size and weight and the 
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Such received carrier-to- 
noise ratio, normalized toa base band bandwidth, 
C/kKTB 
FM index of 20 giving an output signal-to-noise 
ratio of 40 dB 
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amplifiers exist which give noise temperatures of 


as low as 100° 1n the same range 


Ihese temperatures are less than some of the 


peratures measured in radio astro- 
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roughly by the volume common to two right 


circular cones centered vertically over the two 
terminal stations, as shown in Fig. 4. The inter- 
section of the cones on the ellipsoid surface 
described by the satellite motion with respect to 
the surface of the Earth defines the area of 
mutual visibility 

It is convenient, in considering the mutual 
vertical 


Earth 


visibility problem, to refer to the pro- 


jection of this area on the surface of the 


In other words we will refer to that 


ground which the satellite is above 


visible at both terminals 


If the satellite is in a circular orbit at altitude 


h and the acceptable elevation 1s or more 


above the horizon, then from the simple geo- 


metry in Fig. 5 we get the following parametric 


equations giving p and the maximum range 


of the satellite and the projection of that range 


on the ground 


h Risin ¥ tan(¥ )+ cos 1) (14) 
sin ¥ : 
R (15) 


COS | + ad 


and 


RW (16) 
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From these relations we can compute the 


maximum acceptable slant range and ground 
range for various satellite altitudes 

Ihe relative goodness of the satellite relay 
the elevation of 


path depends critically upon 


as seen at the receiver. because 


sky 


with elevation, as can be seen in Fig 


the satellite ( 


of the variation of the noise temperature 


Because 
W ith 


of this and the problem of interference 


terrestrial services it clearly is not economic to 


' 


require the system 


since 


to operate all the wa 


to the horizon we do not yet have a better 


evaluation of these limitations, we arbitrarily 
limit our consideration to elevations at which the 
sky An elevation 


ol 74 above the 


noise 1s not seriously limiting 


horizon 1s a convenient 


value and will arbitrarily be taken as bounding 


the useful area of mutual visibility. A more 
astute study of path quality will undoubtedly 
change the shape and size of this area 

The area of Earth common to two circles of 
radius r drawn from the two terminal stations 
of a satellite relay path describes the part of 
Earth 


visible from both terminals. This is the projected 


over which the satellite is acceptably 





ongitude there are 
uch elements in the 


(MV) Assuming 


absence 


tenua- 


al 
opuision 


opumum 


as we shall 
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OPTIMUM ALTITUDES FOR RELAY { the prodigious expense ol putting the 


SATELLITES 


satellite into orbit. This can be expected to have 
Ihe best altitude for a satellite relay system is a component due to the cost of hardware such 
that which provides the most service for the as control and guidance equipment which are 


least cost. All other satellite costs are dwarfed insensitive to satellite size and altitude. and a 
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Ratio of { ; il payload weight 


>t 


weight, per stage 


WV, tor a rocket 


Ipi ying several 


Cases lor 
trayectory 
erection 

ie Satellite 
Stage 


orbit An 


y included 
losses due to 


! le 
Onal aceeiera 


ape rather 
urve will 


elopments 


tude. The 


Ss dependent 


a sibility 


M/ 


(=) 


fin 
unction 


ng to the path 


j lor 


planar 


atellites. In the case 
accounts for a Ira n of wu { ‘balanced” ; > satellite design, the 
single st 


lector, or the saucer reflector, the 


weight increases linearly with range 


already have range vs. altitude from 
> are in a position to plot relative rocket 
altitude of satellites. This is done for 
f a 3000 mile path over the North 
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Fig. 9. Relative rocket propulsion weight required to establish spherical 
passive satellites for communication over a 3000 mile path 
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Figs. 9 and 10 that 


1200 miles 


irom 


is evident 
Mtimum altitude of about 
active 


and 2000 n 


j » 


sate 
aters 


anc 30 n active 


anced design 





GROUND STATION 


should one use 


i ground stavion 


TLER 


for satellite communication? Prophets on this 


subject have predicted everything between a 


watt and non-directive antennas to hundreds of 


kilowatts with colossal antennas. Even though 


n a position to make a proper system 
able to arrive at the 


should be 


ol 


we 


the CCONOMIC balance 


>and ground station proportions. 


xed ground installa- 


ommensurate 
rocket propulsion 
' 


Station 


may 


\t 


te weight 


to satellit 
ol 


Stations 


the problem 


t 


ie Satellite, we can 


cost commen- 


Stauion 


putting satellites into orbit 


onsiderations indicate that a few 


rs may be justified as the cost of a 


stallation commensurate with satellites 
pounds in orbits at an 


a thousand miles or so. It seems 


to in 


thereitore use an antenna area 


the of 10° ft 


sumption of hundreds of kilowatts 


orde! and a total power con- 


In the case of a non-oriented passive satellite 
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(balloon) one is forced to use very large antennas constant. Ground reflection interference should 
and high powers in order to use a satellite of be absent because the highly directive beams 
realizable size directed upwards stand no chance of illumi- 
[he oriented plane or oriented doubly curved nating the ground significantly. lonospheric 
satellite reflectors are much smaller for a given’ effects are reduced to an insignificant rotation 
path loss and justifies using a smaller ground ( polarization of t ultra high frequency 
installation waves. Radio sta 
In the case of active repeaters | much lower frequencies, presumably 
COSt OT power | } satellite still makes onospheric eflects ; O portend no trouble 
desirable to use large ground receiver antennas he n absorption due to oxygen and water 
re-amplifiers. Amplifica- » at phere but this negligible 


and low noise maser | 


tion in the satellite is relative ‘ap, howevel below about 20,000 Mc/s. In shor e bother- 


stallations may reasonably be [ vided ; Wi travels almost entirely the same ideal 
sufficient signal strengt! 


any probable interference at the satellite recets 


necessarily are 


low DOWRI DY 


require 
satellite 
to interference 
less efficient use 
quency space with other se heoretical relations regarding antenna gain 
Since informatio a rei lirectivity, modulation efficiency and power! 
basis for proportioning the large element the eneration eff ncy lone for two 
systen s sO meager. W will y determin reasons that the figure é used as 
consistent paramete! a numbe sign ives, and hat margins may 
e situations cnowingly appli o the results without 
, pre -< for 
DESIGN MARGINS he sake of expediency av also call for addti- 
It is always a question as to how much m: ional margi! 
should be allowed ystem consideration I appears that an operating mal of only 
this \ 30 1 fading margin a few dB should ificient for tl systems 
necessa n most rad ysl unt fo lescribed u this remains to be proved 
deep ; and I I Le rence ‘ I I ana l { nportal 1Ol nducting 
equipment degradation. It ts not certain 
much margin should be allowed in communica 
tion via satellites, but it 1s likely that the usual CONCLUSIONS 
causes of signal degradation will be con By making some very broad, order of magni- 
spicuously absent. Fading due to tropospheric tude assumptions as to the cost of the large 
variations should be very small because the components of satellite communication system 
wave will not be traveling parallel to the natur: and using the best indicated rocket propulsion 
atmospheric stratification. Tropospheric scatter- and satellite weight factors, a very crude evalua- 
ing removes only a minuscule part of the energy tion of system proportions has been made. Out 
from the beam giving a negligible attenuation of a very large number, a relatively narrow 
of the transmitted beam. Atmospheric re- range of possibilities emerges as the most practical 


fraction is small, predictable, and relatively applications within the reasonably near future 
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From the point of view of rocket propulsion 
it appears that an altitude of around 1000 miles 


is an optimum for passive balloon reflectors 


and 2000 miles for modest sized active repeaters 


and ~22,300 miles for active repeaters using 


directive antennas and for plane or sauce! 


reflectors. Because many fewer repeaters may 


; 7 


<P } 
uscd it ) 


he 


" we 
COUUTTIR 


system orientate 


300 mile high) 
ropulsion welt 


Qo } 
SUL 


ispect Ol 
ior tne 
place a 
Phe 
k Mc 


tempel 


) Mc 


OOK 


with a 
passive sal 


or so altitud 


mylar balloo! 


‘f 
cent fe- 


lor 


SO Ib each are 1 lired to give a el 


hable channel, with ; argin allowed 


possible path and equipment degradation at the 


extremes of Ihe ground station require- 


kW at around 


It 


ments average 


6000 


are powel 
Mc > Ta 


paraboloidal antennas, and n 


that at 


fron 110 diameter 


asel operation So 
the sky temperature above the 
horizon limits t 


The 


ne receivel operation 


ground antenna beam width only 


IS 


TLER 


0-0023 rad (0-13) so the antenna must be pointed 
to an accuracy of a few hundredths of a degree 

Each of the requirements looks difficult, but 
It that of 


erection 


possible may be the economics 


satellite will allow erecting much 


larger spl 


eres, thus relaxing some of the ground 


station requirements. The beauty of this repeater 


an indefinitely long life and an almost un- 


ed bandwidth 
\ 


ise 4 


nit 
Thi 


(b) kely looking alternative to the above 


s the ft abou g act » repeaters 


in 2000 these 


would 2000 Me dipole 


200 W 


; 


SUC h 


( al 
6000 Mc 1000 miles 
would be 200 ft in diametet 


Fo 


and 
s 300 Ib a single path 


uired 


eq and three would 


gain the 
inknown but probably 
active 

dth and 


n ’ ’ _ 
cipate l | C 


rcuits 
satellite 

Me s intelli- 
having 
Without 

] Sun it 


orientation oO Nal cells 


toware appears possible such a 


repeate 1 be built weighing a 


100 Ib. Orienting the solar batteries makes a 


structure but might reduce 


little 


more complicated 
ground 
as 200 W 


al 


weign Lo as he 


the 


as 
transmitter could be 


This 


time 


pe wel 


would be good for only one service a 


it should be noted, additional services o1 


broader bandwidths would require additional 


satellite weight in proportion. The complexity 


of the system makes the design for long life 


and reliability difficult 
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(e) The foregoing repeater sizes could provide 
a single speech (3 kc/s) channel to and from 
smaller stations equipped with 20 ft antennas, 


and 0-02 times as much ground transmitter 


OI 


teletype (30 c/s intelligence band- 


power, 


width) with 6 ft antennas and 0-002 times as 


much ground transmitter power 
[he lower ground transmitter powers quoted 


are impractical in many cases because such 


operation leaves the satellite seriously open to 


interference from other ground stations 

[his paper skirts a number of questions wl 
require further serious investigation, most 
notable of which are 


How 


OVCI 


(1) much signal fading 


expected the relati, 
satellite repeatel 


~ 


(2) Can the shape of a large mylar ballo 


be maintained in space o 


(3) ¢ 


er long periods”? 


an the axial direction and 


Spin 
spinning satellite be maintained for a long time 


(4) What is the 


control the 


best to determine al 


satellite over 


attitude of a 
, 
pel ods 


Whi 


factors { 


(5) 
particula 
ratio? 

What 


(0) 


are the actual propulsion 


ost probable rocket configurat 


for | 
it satellite altitudes do 


What is 


that can be realized 


whi 


(7) the be 


best modulation system 


and the avoidance o 


What sky n 


(s) 
encountered 


low system ten perature 


(9) Just 


BY MEANS OF SATELLITES 


existing and proposed radiations can be expected 
at reasonable terminal locations? 
(10) How good a discrimination against back 


and side radiation can be obtained in a giant 


antenna 
(11) What 
rocket 


are more accurate economic factors 


ol propulsion and equipment costs 


relation to the proposed systems’? 


What 
for 


(12) are the possibilities of component 


reliability unattended operation over long 


pel iods? 


These and many other problems must be 


studied in much greater detail before a practical 


satellite relay system cal > engineered. The 


promise in CCONOMIC 
woOnsS IS SO 


transoceanic 


justify extensi\ this direction 
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\ STUDY OF UHF SPACE COMMUNICATIONS THROUGH 
AN AURORA USING THE MOON AS A REFLECTOR 


R. P. INGALLS J. ¢ JAMES and M. L. STONI 


INTRODL CTION 
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level back-scattered from the Moon remains’ the auroral zone. reflect this signal from 


essentially constant. (2) Short period fades with Moon, and receive the 


reflected signal 


periods of the order of seconds are obser ved and sites outside 


are attributed to the eflective libration of the h by tra 


n ie 
Moor « 


POsitio! logs rom astrono!l 


THE EXPERIMENT During this Moon 
position only a fraction of the antenna beam- 
Ottawa 


. | } 
Ihe basic experimental technique 


transmit a CW signal at 440 Mc/s from a sit width. The polar mounted antenna at 
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tuning was accomplished by the 


al local oscillator The 
or and the 


recor¢ 


on Dand limiting are 


traces abelled Hand |} 
horizontally and 
antenna feed elements. A 


order of | fade/sec can be 
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about 2 dB. which represents the order of deduced. There is strong evidence from short 
accuracy of the power measurements. No signif pulse measurements and from __ spectral 
icant reduction of the signal level was noted broadening of bot! > and long pulse 
during any ie auroral disturbances which - signals that most the effective reflection 
nall central disc 
be said about spect! 


experiment 


AN ASSUMED 
ELECTRON DENSITY 
DISTRIBUTION 


cc 


(deqreet 
TRONS PER 


ELE 
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J 
rc) 
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oS 
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a 
N 
a 
a 
Zz 
re) 
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HEIGHT ABOVE EARTHS SURFACE (k 


1a SL 


arization 


measured 


puted 

power wi he orde n > abot he me red vari ie polarization 
- ‘ 1 | 

> per cent le projected visible cross sec . angle the received signal throughout a lunar 


{ 


[his value of fractional cross section can be 1 both Millstone and Shirley Bay is shown 
apportioned between a reflection coefficient and in Fig. 4. The values for Shirley Bay have been 
the gain of the Moon as a reflector. Knowledge adjusted to represent the results that an azimuth- 


of one must be obtained before the other can be elevation mounted antenna would have obtained 
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. 

The change of polarization angle with time was _ signal samples shown in Fig. 2. The apparent 
Faraday rotation and a_ polarization angle, as determined from the ratio 

> two cross-polarized signal levels taken 

a fine structure, 


due to two effects 
rotatk from the geometry 

one second intervals 
apparent fluctuations of polarization 


smaller 


rou 


This latter 

These 
about lO” in amplitude, with 
the order a few seconds. The 
a certain extent upon the 
and for this reason, it ts 
the presence of a small 


guced al 


which 1s 


niyv irom 
VO signals 
quadrant 
rotation 
Major 


iS aligned 


ul ogonal 


channel 


sion 


ponent 


Moon some 


major component. In 
e fading ft the weak channel 
when polarization angle was 
and this would lead one to believe that 
‘r portion of the Moon was responsible for 
he reflection of the depolarized component 
CRPL Seri than was responsible for the main reflection 


j by 


rea’ Lr 


he U.S. Departme 


The fading rate of the channel with the higher 
continuously 


amplitude level was measured 
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during the experiment. The fading rate meter 


measured the number of positive crossings of 


the average signal value per unit time 


constants used were a compromise between 


running time and freedom from effects of noise 


Measured 


a typical day 


in raising the measured fading 


rate 


and predicted fading rates for are 


shown in Fig. 6. The top set of data was obtained 


GREENW 


‘rom the Millstone 
bottom shov imilar results from S| 
The comput 


upon the 


eq Cul 
libration dati and is QO 


Dor pl 


apparent 


difference between the Irequency oO! a 


signal reflected from the center of the lunar disc 


and that of a signal reflected from that portion 


of the limb having the maximum 


cnange In 
Moon 
to 


Doppler frequency due t 


The 


apparent 


libration factor of 3 was found give 


the best fit between the measured and predicted 


data. The agreement between the measured and 


least 
Moon 


signal 


predicted fading rate indicated that at 


under quiet conditions the apparent 


libration is responsible for the rapid 


SING 


Ihe time 
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fading. This dependence of fading rate on Moon 


libration has been reported by others. ®: * '° 
The fading rate is a fairly rough but rather 
easily obtained measure of the spectral band- 


width of the lunar signal. Actually knowledge 


of the power spectrum would allow one to 


deduce much of the reflection law of the Moon’s 


surtace. Because of the libration effects differen 


CH MEAN 


’ nila ry . tT 
Pull VOuId gg Ca Cs 


the Moon’s surface g 


given Doppler shift 


Power density spectra of the received signal 


were made from f 


the 1.1 


magnetic tape recordings o 


signal. [Two samples of such spectra are 
shown in Fig including a plot of the resolving 
power of the spectrum analyser 


the 


[The top curve 


represents Doppler spectrum for a quiet 


ionosphere. The bottom curve represents a 


period of auroral activity and will be discussed 
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later. If the Moon’s disc reflected uniformly the essentially continuous or is 


spectrum would be as shown in Fig. 7. From discrete frequency components 


roral activity sey 


the appearance of the actual spectrum it can be ing au 


seen th most of the received energ¢ e observed 


r poruon the Moon 


flected from the centet 


0100 


SREENWICH MEAN TIME 


trum wid hi he actu spectrum tively imputed 
signal ap f approximate! p tion angie these 
fractional adaius probabd 
effective reflection area Another ler ment with the measured data 
magnitude of frequency resolution wo presence of aurora along 1 
December 4 


required to determine whether the spectrum the Moon on 





figures are based on 


contains most » quiet ionosphere and consequently 
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isua Mographic observ: 


1400 hr as noted on I 


ar retul fluctuation in Fig. 9 


fluctuations shown in Fig. 8 at 1630 hours 


at 2100 hours 
an incremental change in 


c 


integrated 
ty along a vertical path in the 


of at least 10*' electrons/m- 


fluctuations in jonization 


vt 1000 km. It 1s reasonable 


6,17 FEB 59 


about 
LOnos 


S46 


change 
December 


n change in 
ection. so it as concluded 
1 fluctuations in polarization 


due to rapid changes in 1onization 


The rapid 75° fluctuation shown in 


Fig. 9 probably is due to a change in ionization 
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density. For this case 


magnetic field direction is required to explain 


the fluctuation. if normal 


The presence of auroral activity in 
the Moon also had the c 
spect 


fading rate and hence in widening the 


he rec phenomeno! 
illustrated 
computed 


whel 


ISSIOT 


and 


[ Jecen 


included the tim 
in the Moon's direct 
Another manifestation « 


rate during aurorally active periods 


increased spread of the power spectrun 


example of this increase is shown by the lower 
curve in Fig 
channel on 


signal in one December 4 when 
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also a large change in 


ionization densities 


This shows the spectrum of the 


MOON AS A REFLECTOR 


aurora was present. The bandwidth 1s 


greate 
than would be produced by the libration effect 
Thus the 


of a uniformly illuminated moon 


modulation 


; 


whel 

ral disturbance. It 
e fading rate 1s ordinal 
proportional to the effective 


the Moon 


tween fading rate and libration rate does not 


libration rate 


However this e 


proportionality be- 
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emphasized; namely, the intensity of these 
proportional to the square of 
so that at higher trequencies 
s reported here become le nportant 


nole 
On angie 


ined by 
plane 
of the 
CTOSS- 
on 1 
tuations 


certain 


ag Carrier 


1 with 


ary three results of this experiment 
importance to Earth-space communi- 
ultra high frequencies should be 

designed for space 


cation must have an antenna arrange- 


ment that avoids possible signal nulls due to 


Faraday rotation. If the radio energy Is likely to 
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W.A.S. Murray and J. K. Ha 
Lond. 173, 944 (1954 
polarization angle should be expected. Second, 

. +. J. H. De Wirt, Jr 


traverse auroral disturbances, rapid changes in 


there should be negligible signal attenuation at Radio 
u.h.f. due to auroral ionization. Third, the PG 
presence of auroral activity in the propagation 
path should increase both the rate and amplitude 
of the fading 


B69. 
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ANALYSIS AND PREDICTION OF RADIO SIGNAL 
INTERFERENCE EFFECTS DUE TO IONIZED LAYER 
AROUND A RE-ENTRY VEHICLI 


WILLIAM C. TAYLOR 
iM ‘ i Space D 


Abstract —P 


INTRODUCTION 


Background and History 
lt as ‘ ’ DEC Al ol the partic cs 
na SCS e absence < 


trons will oscillate 

helds, thereb 

radiating energy 

current formed by 

opposition to 

associated 

sufficient electron 

completely any 

veguides fo! 

then be 

Lo propagate 

1S absorbed 

| particies 

result in randon 

rderly re-radiatior 

{f energy by the 

ice both electrons 

ite the environment 

both ol these 

rejection, play 


affecting the transmission 


with less than one 


Basic Nature of Interaction of EM Waves with _ per cent of the total particles ionized, electron-electror 


ind the lack of mobility of the 


lonized Gases ae ae 
DOSILIN ‘ co with electrons minimizes the 


When a weakly ionized gas is subjected 
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PROCEDURES AND THEORY 
Orientation 
The procedure for computing electromagnetic 
wave propagation through the ionized sheath 


can be logically divided into three phases 


(1) Calculate the concentration of electrons 


and of massive particles (molecules, atoms 
and positive ions) which have appreciable 


concentrations in the region about the 


missile. These concentrations must be 


determined along with temperature 


throughout the re-entry phase of missile 


flight 


TYPICA 


PROFILE 


. rt 


AROUND A RE-ENTRY VEHICLE 28 


shock layer. In this final phase, the effects 
of reflection of the wave from the shock 
layer and attenuation of the wave in the 
shock layer are included. An approximate 
solution is necessary since the complicated 
geometry of the vehicle and the ion sheath 


make the exact solution intractable 


These three phases are discussed consecutively 


in the following sections 


Determination and Particle Densities 
[he particle densities of the various species 
the results of Ref. (11). 


can be obtained from 


ERNAL SHOCK 
RE N 





- 
| 





TEMPERATURE — V PER 


Fig 


5 } 
(2) Calculate the macroscopic electrical pro- 


perties of the sheath using the data from 


““con- 
I his 
involves calculation of the average electron 


know- 


ledge of the wave frequency and data from 


phase (1) and the appropriate 


ductivity theory” for the ionized ai 


collision frequency and requires 


other sources on the electron collision 


cross sections of the massive particles 


Ihe end result is the determination of the 
electromagnetic propagation constant 
throughout the ionized region for the re- 
entry portion of the trajectory 

through the 


(3) Calculate the propagation 


om a 


JLENT 
BOUNDARY 





once the thermodynamic state of the gas is known 


Determination of 


at each point in the flow field 


the state of the gas requires knowledge of the 


entire flow pattern. Thus, in order to compute 


the state point of the gas, it is first necessary to 


solve the fluid-dynamic problem of the flow 


about a body in hypersonic flight 

The new field can be logically divided into a 
number of separate regions, as indicated by the 
mathematical character of the governing equa- 
tions. These regions are depicted schematically 


in Fig. 1. In the inviscid subsonic region, the 


governing flow equations are elliptic, and hence 


numerical solutions are faced with stability 
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-temperature gases are confined to the 


problems. Only recently numerical tech- 
niques been developed, “*) which permit accurate k layer’, i.e. the region between the bow 
vave and the outer edge of the boundary 
‘ly, it is possible to predict the 

> two surtaces of revolution 


ayer region 
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density at the stagnation point of any missile Another situation in which significant concen- 


as a function of Mach number at several tration of ions would exist occurs when an 


altitudes. To obtain particle densities in the ablating material is used for heat dissipatior 


region between the shock and the edge Under these conditions, the ionized 


LHe 


boundary layer, it was assumed that the tempera- would not be separated from the body 


ture and density 
direction through the 


Ihe laminar and 


whicl 


amenabDie 

generally be dist 
of ions because of 
drops rapidly in 


‘ 


electron concentration | 
of temperature (see Fig 
Only | the Surtac e temper: iC °C at ‘ being preps . 


2500°K, will significant ion concentratior either in the process of development or were 


exist next to the skin due to ionization OF all peing modified Lo incorporate reali 2as effects 
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Plasma- Wave Interaction and Plasma Properties imaginary ft conductivity is made 


egquivaient | < ve electric susceptbility 


conductivity 1s 


cquatvions 
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and (7), this condition corresponds to « 0 


and, therefore 0 

In fact, further examination shows 
negative as well as vanishing « propagation 
cannot occur whet or this reason, the 
value 
“critica Irequel 


quenc ind 


Teseal | OT 
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rewritten 


to give 


terms ol 


expressions for normalized 


only 
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dimensionless para 
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Equation (9) is represented in this way in Fig. 5 
(two-dimensionally) by contour lines of constant 


(normalized) 


a@iizeu 


attenuation. The dashed lines and 


the heavy dark line (along « 1) divide this 


into four important regions of interest, 


“Surtace 


ch will be encountered during a typical 
In Region | 


but increases with 


oO 1 
Region i] 


constant 


attenuation de- 


Is 











‘ au oO nis on is analvticalls described 


’ DS giving from equation (0) 
Researcl ry 


nrod J 
PrIVMULLU 


wide range correspondin; ree sets of the Region III exhibits a slow variation of 


An alternative opposite to Region | 


dimensionless paramete 


just 


1.e w,, increases for 
graphical presentation a surface increasing w but decreases for increasing | 
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Finally, Region LV shows a/w, independent of 
The 


interesting aspect of the surface is the extreme 


w and varying inversely with most 


Slope at w/w, ~ | where v/w |, giving rise 


to the term “critical” frequency. It is due to this 


“effect” that an increase in w can eflectivel 


solve the transmission problem 


altitudes (where : 1) if w can 
exceed 


the 


In lower altitudes. where v may 


though ionization is still high attenuat 


can be reduced if « The behavior 


Region III is the basis for the proposal in son 


extreme reduce « order to reduce 


cases to 


attenuation: obviously such measure 


Canno}] 


make as drastic a reduction change in 


in the case of an increase in which 


Region II to | 


for 


but vy be the only 


ecourse 


some instances. Ideally. it might be able 


to place a low-frequency transmitter at the 


Stagnation point (where N is a maximum) and a 
high-frequency transmitter along the afterbody 
When the latter signal is cutoff, the low 


ij . ‘ 
requencey 


ransmitter has the best chance of 


transm 


taking it far to the left in Region III 


iSSION 
the high w 


More quantitative inspection shows that a 1 


as great as 10° between the 


for the low Irequency to be advantageo 


Che qualitative variation of a with 


as with and deduced fron 


ik 


Going from upper right 


straight line of unity 


constant but 


will 


means 


always increase remain constan 


that itself increase 
with « in all 
that N. he 


Significant in 


monotonically 


Cases 


reason nce temperature 


quite determination 


wave interaction 


Because becomes m less than 


Situations of greatest interest, it seems 


less importance in this survey of plasma pro- 


perties. However, because of its role in reflection 


its general behavior as a function of and 


should be noted, and is shown in Fig. 6, analo- 


Region | 


where w/w | 1S 


gous to Fig. 5 including the entire 


surface characterized by 
/w,, varying linearly with w/w, independent of 


this corresponds to a constant value of 
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~ 


the free-space phase constant 


0 - 0 


Region II indicates rapid variation in with 


both co-ordinates, and the most important 


feature is a deep minimun is Slightly 





s than unity “trough 


SC rapidly WILT my change 


variation being linear for decreasing 


Also Ww 


variation with 


shows portant 
is region 
The variation of in Regions Il 


mportant in reflection 


the computation of the 
coefficient or, more important to this study, the 
transmission a semi-infinite 


Fig 


coefficient as a 


plasma al a 


discrete boundary 7 shows lines of constant 


transmission function Of w/« 
and v/w,. The lines are identified by the values 


of power reduction (dB) effected by the mismatch 
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boundary. Note that no attenuation due electron by the electric field is small compared 
ition over a finite distance is taken with the thermal energy it possesses, i.e. that(” 
Int nere 

Calculation of Collision Frequency 


—_ ie = wel ere s the mass of the neutral particle in 
SION requ ‘ Ui With 


shee sian ic ine litw holds . 
distributed _ p: depends on: if this inequality holds, then 


é s independent of £. For air at 3000°K, 

200 Mc/s, this means E must much less 

ian 4 \ = 1" have shown 
stronger 

“ase electron velocities 

vhen the period ol 

the temperature 

an tree 

round 


easing / 


\ idely 


fTrequency 


/ 
properties of the medium 
surrounding a hypersonic missile have been 
shown t ary i > way from those of metals 
to lossy dielectrics and free space In the case of 
a plasma where an imaginary conductivity can 


role more important than the real o, it 
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seems appropriate to define a good propagating 


medium as one with £* > a* and a poor one 


with a® *. Because of the rapid variation of 


a and f in the region aa there exists little 
middle ground in the plasmas between the cases 
of “good propagator” and “poor propagator” 


Illustrating this, Figs. 8 and 9 show approximate 
E t 
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Fig. 10 
core of metal-like propagation properties with 
This 


core is “coated” by a dielectric also with varying 


The ion sheath is pictured as having a 


varying and thickness d, with 


thickness and loss characteristics, with 
boundary between core and coating correspond- 


ing to the region around The “core” 








high altitude (w* ) and low altitude (w* 


spatial distributions of and § corresponding 


to the exhibited temperature and density 


distributions. These correspond to computed o1 


assumed values found varying radially outward 


from a relatively blunt-nosed, cylindrical body 


with a velocity of approximately 16,000 ft/sec 


in both cases. These and other computations 


lead to a “plasma model” which is illustrated in 


rical body 


ut 16,000 ft 


back < < ‘ tel 
that 


extend peratures 


enough Since temperatures 


generally lower on a cylindrical after-body than 


a cone or similar shape, a cylinder is generally 


preferred for antenna location. It seems reason- 


able to expect that such a core does exist in an 
undetermined thickness in the shock layer since 
actual telemetered signals have experienced the 
indicated in Refs. (1-4). It 


great attenuation 
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also seems like sharpness of the fade where are considered discrete because 


experienced in ases corresponds to the and § change rapidly over a thickness which ts 


quick trans In ne into “cut- f the ve mall compared with wavelengths con- 


‘termining the 


rough the sheet 


factor associated with propagation 
le sheet, exp ( /), where d is the 


thickness of the homogeneous sheet 
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Expressed in decibels of power attenuation, the d enough that a selection of the constant a for 


total attenuation is then the sheet should be somewhat less than the 
maximum value near the skin. The variation of 

1(dB) yu / and £ is expected to be more complex at other 
locations than along the cylindrical afterbody 


Langberg ef a have rigorously 


nhomogeneo 











second 
problem 
plane sneet 


large amounts nergy reflected 


ba can the c 
missile. including the 


effect o antenn tion function 


detuning ing for 


An approximate evaluation of d can easily be the plasma 


made if 7 is assumed to vary linearly from its 


maximum neal the skin since ; Po which also PRESENTATION AND DISC USSION OF 


varies slowly, is not so critical in determination TRAJECTORY PREDICTIONS FOR A 
of w,. The metal-like sheet is assumed to extend rYPICAL ANTENNA LOCATION 


out to where J is of a low enough value that The most important extension of the examples 


As Figs. 8 and 9 show, a« varies within given in previous sections of this paper is the 
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A chart similar to Fig. 11 can be constructed 


by first computing according to equation (11) 


the attenuation in a propagation “path” from 


the location considered, using several 


values of altitude and 


After 


bet ween these 


interest interpol 


velocity attitude 


poi 


CONCLUSIONS 


(an? 


decre asc 


attenuat 
de pending 


tion. Usually. for 


intermediate range (o1 


frequency W 


ing the 
at least in time duration, and for sufficiently hig! 


frequencies may reduce it to a negligibly low 
For 
Mc/s 


dB 


level the case cited above, predictions for 


10,000 indicate that attenuation will be 


below » for velocities below about 16,000 


It/sec 


(3) For simple vehicle shapes, attenuation of 
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a signal (200 Mc/s or greater in frequency) will 


usually decrease with distance of t radiator 


from the stagnation point zation 


; 


cc rec . re : hi 
ies n CKRIOTIS where CHicie 


intensity 
Surtaces ¢ 
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Abstract— | 
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INTRODUCTION 


FOR MAN IN SPACI 


vehic cS 
romantic 
exploratior 


mist 


resOurees and 
terms of unlin 
ability the 
communication 
views the manned 


hand space 


problem in machine design. All « 

points have at least one thing in common 

view man in space (MIS) as a payload, as some- 
thing to be delivered to such and such a place 
in reasonable condition. To this end, a number 


of suggestions have been made to reduce the 
demands of the payload on the transporting 
system. Such suggestions range from the serious 
consideration of freezing or otherwise lowering 


the metabolic requirements of the passenger to 


iInction nust 


automatizal 


be justified on the ul » man’s inability 


to perform adequately. It is not 


hcient demonstrate that auto- 


matization result in superior performance 


It is necessary show. in addition, that the 


system requires this superior performance and 


that neither space-weight nor system reliability 
is unduly sacrificed for the increased perform- 
ance 


From the practical, rather than theoretical 


standpoint, since automatization of any function 
adds additional weight to the system and since 
State-of-the-art 


the applicability of guidance 


systems is at best limited, the time if not the fact 
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of successful space travel may very well depend ing of preliminary, castoff and course 


upon the effectiveness with which the passenger orientation maneuvers, and of initial blast 
is utilized as a functioning system component liming 
Man as a systems component has a number frogation (probably by star track) and 


l-known limitations. He 1s weak. variable urse ed correction 


ared 1 ‘ electro- net including detection, surveil- 


1) 
Col p 


t nr) 


(site selection and 


acquis 


speed 


siu0n 








they 

sification 

he pre- 

ing and 

purpos I the hum operatol 
MIS, on tl r | xhibits the necessary 
flexibility but 1s deficient in the more mechanical 
functions. Allocating functions on this basis. 
Category B becomes the principle domain of 
machine elements, Category C that of MIS 


from a space station, consist- the 





Unfortunately, some functions, e.g. contingency 


aspects of landing, emergency reaction, etc 


may fall into Category A 


Category A functions, those requiring both 


precision and flexibility, can only be implemented 
by attaining a critical integration of man and 


machine capabilities. They, therefore, pose the 


most difficult problems of system design. These 


functions are of two types; functions demanding 


breadth, sensitivity and/or duration of vigilance 


coupled with flexibility of reaction; and functions 


combining interpretation of situational impli- 


cations with the need for high-speed, precise 


reaction. However, if the machine supplies the 


vigilance and warning in the first instance 


reactive functions can be relegated to Category ¢ 


Similarly. if the man has the ability to override 


programmed performance, reaction in the lattet 


situation becomes a Category-B capability 


Summary: Economical system design demands 


functions involving situational interpre 


that 


taliol program override purposive repro- 


reaction to unprogrammed 


MIS 


and 


vramming 


e allocated to 


INFORMATION AND CONTROI 
SYSTEMS 

Having arrived at a suitable systems role for 

MIS, it 


some relationships between current technology 


now becomes important tO examine 


in equipment design and his ability to perform 


his assigned functions 


Design of Information Systems 


It is perhaps superfluous to point out that an 
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operator's performance will be limited by the 
task 
Further, that information which does not con- 
that 


amount of information available to him 


tribute to performance is gratuitous and 


may even lead to degradation by overloading 


his capability to process and select data 
Different forms of information are required 


for intra-system (control) and supra-system 


(decision) functions. These different require- 


ments have resulted in the evolution of two 


major classes of dynamic displays which may 


be characterized as “end-point” and “‘situa- 


tional” displays 


display exhibits a_ desired 


An end-point 


goal (end point) and the system 


performance 


deviations from that goal (error indication) o1 


control action necessary to achieve the end-point 


(command indication). A situational display. in 


addition to showing end-point information 


places the end-point and the system in some 


of reference, the action environment 


ilrame 


thereby providing not only deviation from some 


pre-computed program, but a knowledge of 


environmental relations and eve 





omputing optical sig 


[he underlying distinction between end-point 
and situational displays will be easily visualized 
in comparison of the information presented by 


a contemporary aircraft radar fire control 


system and that displayed by a computing 


optical sight (see Fig. 1) 
Although the fire control display presents the 
(course-to-steer, range, 


necessary information 


closing rate, etc.) in a highly precise and simpli- 


fied precomputed form, the pilot is deprived of 





w4 


information 


‘nt. Since he 


MIS 


Design of Control Systems 
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egarding envir« to assume. Control responsibility 
important implications for the 

licle 


e system. As MIS takes 


' 
LIONS 


) 
( 


less auton 


requil 


eC 


manned 


has two 


space 


more and 


tion and 


On the 


responsibility 


re sponse 


no 


ig. CK 


trol re- 
io 
design 


and nm generator 
views the operator as a proba- 


who attributes increased likeli- 


nembers oO! a 


pre-established 
ilternatives on the grounds of information 


i 


rective 





received. To the extent that preprogramming is 


not available, the system must be designed to 


assist the operator in generating and imple- 


menting appropriate decisions. However, most 
tasks partially 


For 


n somewhat er 


require at least a 


role for the operator this 


reason 
desirable to examine 


characte 


the 


some ol 


which will have nflu 


( 
control svstet 


Attempts to 


function for t 


ol disci 
operator 


nature—1.e quent icremental responses 


ance will sufler when there is any apprec 


delay between control action and indication of its 


result. This is the case with the human operato1 


\ further 


portance which has been argued for the operators 


functional characteristic of im- 


is that he is effectively a single-channel sequential 


computer, performing operations on a _ time- 


DILEMMA Of 
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sharing basis. Protection against overload 


requires that, when multiple tasks 


performed (in effect, simultaneously 


task requires Inuous 


correction 


| nese 


omponent 


added to avoid ontinuous 


COl rection” 


It should be noted that the effectiveness with 


which aided control performs within a given 
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W6 


be distinguished; those displaying a prediction 


system will depend upon the aiding constant 


his constant. in turn, has been over some fixed interval of time and, those 


lected n 


se 
found to differ wide limits in different displaying the steady state that will result if the 


appli < consequently shou 


; taneous control action is maintained. All 
devices, particularly those that perform 

1S upon present performance plus 

lone. suffer from the influence of 


parameters, to a degree pro- 


ici per formance 


characteristics 
nctional environment 
must be 

the nature 


pon operator 


THE FUNCTIONAL ENVIRONMENT 
rT 1any vs I I ist lane COgnizance 
{ must 


Spar = 


irom tne 
unimportant 
precede con 


f MIS ts con 

i n-space 

ncountered 
irameters 

viron- 
eceptors we 

i¢gradation ofl 

Che primary 

capability to 

nake major 

ort, coupled 

ler “null-G” 

yravitic Cues 

to “over- 

limb movements 

mediate visual 

Ss some evidence 

null-G" case will 

how much improve- 

nd how much practice are as yet unknown 


teristics Of the in-space visual 
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environment render precise control by direct 1. Design Criteria for Surveillance 


vision extremely questionable. The speeds and Fo combat the enviroamentel restriction 
P ( c rs c c 4 C < Cs CLIONS., 


distances involved require detection and acuity 
_— . surveillance equipment should provide MIS with 


beyond the resolution of the unaided eye 


Further, the brightness ratios encountered in the (a) Extension of visual acuits 
in-space environment exceed greatly those to (b) Situational information 
which the human eye can adap As a ci .- (c) Flattening of visual cont: 
quence, unaided observation 

“bright” object will be 

acuity for internal (panel) 

tion has taken place. Henc 

nxation (scanning) 

primary cues Design Criteria for Acquisition 


| 


motion resulting ym the presen Equipmer! 


continuou [ (ul I 7FOUNnC il at SUD] 


' 
Space 


aneuvel 


ballistic 1 


than by cont U e control prove . Design Criteria for Warning 


, Abe 
ilauncnil 
entails p1 


course | 


4. Design Criteria for Override Control 


DESIGN CRITERIA FOR MAN-OPERATED 
SPACE EQUIPMENT 


ur Isscussions of MIS 


and control systen 


lo! nsegquen 


environment have formed tl kground 


set of criteria upon which th sign oO an- tinuing {| nt } rmance 


operated space equipment c: > base he performance environment 


equipment with which we are ided control—display including the neces- 
chiefly that necessary to support those functi sary predictiveness to circumvent sensing 


which we have defined as “supra-system” and lags and complex operator intra-system 


“extra-system’ , Le. supporting the functions of computations 


surveillance, pilotage, selective acquisition, warn- (d) Controls which do not require either move- 


ing and override control and repair ment of major body members or fine 
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ediate initiation of design studies but 


of clit 
al 


5. Design Criteria for Repair 


requires that 
of a manned space vehicle be 


capability, with redundancy 


< con ponent nas 


whicl 
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Abstract | 


‘) 


WALK 


and design tl 


*T 
vCl 


with o1 S 


c 


Engineers, des 


Uy 


to come up w od optimun 


’ 


but to this day argue abo 


“TY 
L 


colo ent 


location 
lo 

something 

ol 


Vel 


$size 


design Station, we 


purpose this paper 


licle with a ally 


orbital 
aunched with multistage rockets 


30 day 


providing the 


power sources, in orbit for s followed by 


a high lift re-entry, and a conventional landing 
on a gear or skids. To perform such a mission 
the crew will be subjected to several phases as 


follows 


Phase (1). Pre-training and acclimatization 


MISSION 


TO SPACI 
EALED CABIN 


IN 


and B. 
P 7 


P. EBERT 


AFB, O 


; 


nstrumen gual Ccapaodil 


nation 


Though tl about 


move 


use OF a a normal environment 


desirable to meet th of orientat 


e difficulty 


with fixed objects such as instruments. controls 


Fl 1s 1! 
iOoTr, Side Walls 


I 


and other crew members 


differ 


and 


ceiling however, from that of a 


con- 


ventional aircraft in that they are lined with 


; 


slow recovery rate material called “‘insulite” 


Ihe complete interior is decorated with 


balanced color scheme to provide orientation 





se 


410 


A sky color at the top, light brown on the walls 


and an earth color on the floor. The demarcation 


is pronounced to assist in establishing an 


Situation 


orientation 


The crew of three a 


Standard technicians 


| he pilot iS 


Howeve! 


nay OCCU! 


; 


| » 
CO-plHot ZOoes 


seat or bed Hot becomes ¢ ) avigalor 


and the man has been becomes 


pilot 
Facing the vehicle operator is the instrument 


panel containing instruments grouped into those 
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and 


for flight, 


master 


required aerodynamic space 


systems management and electrical. A 


warning/caution system occupies a predominant 
position and will give notification of impending 


abnormal situations. To provide a recreational 


facility, a small projection screen is available to 
books which 


will 


show films television shows and 


device also 


have beer micro 


project al instructions ace 


of such a vehicle to be fed”? 


concentrated foods packed in 


containers are good for 


ost people it would be 


Cat unappetizing non- 


foods from such containers for periods 


weeks at a time. It is a Most Important 
ls crew correctly for the purpose 


The 
intake 1S 


t 


create a normal environment 


average weight ol daily food 


4-5 
Q-2 ft 


lb/person and requires storage space of 


Therefore, for a 30 day mission with a 
. 435 lb of food occupying 


How 


small reserve, say 10 


18-2 ft® of space is required is the food 
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to be presented for consumption? It would be 
difficult to place food on a plate and eat with a 
knife and fork 
with 


The results would be catastrophic 


food, such as French-fried potatoes and 
peas, distributed in many parts of the cabin when 
a plate was lifted and lowered—the contents of 
the plate having drifted off, unrestrained 

To solve this problem, it is likely that food 
will be packaged in thin rubber containers that 
must be capable of withstanding the tempera- 
tures of sterilizing food (250°C), must not give 
to the food and must be 


Such a 


off a taste of rubber 


capable of being made airtight materia 


PEAOVE aw 


~ Gor ¢ 


PVT EM, PRESS 


SNOT MAE vax 


_¥ AME SS £ -ELEL 


is available and known as nutrile rubber and ts 


commonly seen as a seal in the caps of food jars 
Using this material, we have experimented in 
manufacturing sausage-like containers capable 
food 


Suc h 


of holding up to eight fluid ounces of 
These will be translucent and color coded 
coding will indicate the contents of the tube as 
well as the consumer. To avoid mistakes and 
confusion, all consumable items will be coded 
to indicate their contents by meal type (break- 
fast, lunch o1 


centainer colored to refer it to a crew member 


This system precludes the possibilities of conflict 


between the crew members resulting from dis- 


satisfaction concerning food distribution. Storage 


dinner), exact contents, and the 
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of certain foods such as sandwiches or cupcakes 
will be by the use of individually wrapped items 
[his is similar to items seen on the commercial 
market today such as the packaging of crackers 
The 


enable the individual to consume his food with- 


cigarettes and other foods intent is to 


out physically touching it with his hands to 


minimize the dangers of infection, and also to 


prevent the man from discomforting contact 


with sticky foods. Examples of different packages 


are shown in Fig. 2(a—d). Of the total quantity 


volved, 30 is pre-cooked and th 


of food in | 


dehydrated: 15 s semi-solid, sucl 








| 


Sauce and apricot then 


SAUCE, 


10 liquids and refrigerated; and of the re- 


maining 45°,, comprising meats and sandwiches, 


will be frozen. It will be seen. therefore. that 


provisions must be made for frozen (O° 2°) 


chilled (32°] 2°) and nonretrigerated foods 


It is likely that the space between the inner and 


outer walls of the vehicle would form a con- 


venient, if slightly unorthodox location for food 
storage. This storage area will be screened to 


guard against the hazard of radiation con- 


tamination to the stored food 

How to eat is the next problem. Quite certainly 
a conventional plate with a knife and fork will 
suffice 


not The sausage-like containers which 
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o"’ feeding device 
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have already been described, are well suited for when using any food bag type of feeder. A s1 
direct eating with the use of a suitable dispenser study into eating habits reveals three main types 
We have developed two simple devices for this of food selection by the consumer. These are 


) Se C ill mp Sa Dik mnt *T 
purpose. The first comprises a plastic containe (1) The person who consistently eats his f 


which houses a pair of small rollers spring 
in a sequence—meat—vegetables 
loaded so that they impart a force between the 
or some such combination 


rollers. These rollers are mounted in a slide : ae 
person always completely 

W ) 1s the lenoth of the >) . rolle 
hich runs the length of the device. The rollers modity before sta 
can be moved up or down this slide by operating 
people usually eal 
a small endless belt. The outer containet , 
(2) The select 


hinged so that I n 1 two sectiol 
rollers and slide I . » and a cover 
other ainer 1s now fitted 
dispenser 
tween the 
the engaging 
a mouthpiece 
the flapper va 
; trove if 


ready ( Cd 


and pulling 


/ 1) 
ood ro 


piece he ges on 1 diaphragn 

designed 

furthest m tl mouthpiece collapses 

How do we collapse the diaphragm 

sealed chamber! V | a bellows an 

valve sensing ci pressure, 1S 

hand operation he operator 

bellows, which | ases the pressure within » odors 

chamber and exerts a force on the diaphragn one’s fellow man 
which a reviously described causes an uneven clean—we can not use 
pressure to be exerted on the food bag and For example, how could we contain tl 


subsequent extrusion of the food. The dispenser so that we could wash with it and of cour 


L 


t 


too will be color coded for identification. There problem of the additional weight of water for 


. . Dory — 
are, of course, some undesirable characteristics this purpose must be considered. Perfumed 
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alcohol-impregnated wash cloths are the most 
likely substitute for water 
the skin 


cleans the surface of 


For 


remain clean shaven, an electric 


device not only 


but refreshes it also those who desire t 


shaver will be 
llect 


provided, with a vacuum attachment t 


the removed whiskers. It is customary 
as sanitary tor the culture< 

clothing at le: 

be a problem 

crew would be dressex 


; 
ana 


spac Cc 


impossible 1 


rccupancy 
Build ad) 

embers trom 
(5) Have the capability of total encapsulation 
in the event of a major decompression ol 


the crew compartment 


This small pocket-size 
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To 
for the seated operator, it 
Mesh, 


rame 


establish the most comfortable position 


was decided to 


use 


nylon or Dacron 


slung in moderate 


tension A wooden with a series Of ¢ 1n 


holes drilled in it Was used The holes accol 


modate threaded rods 2? in 


locknut at both the t 


the WAD( 


subsequel 


distortion 


onsidered sa 


Anexpe 


mean back angle to the horizontal! 


The first run was to be made with a ri 
"i i hy to 5 “C3” 


sec with a sustained run ol 
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these experiments of 20° was optimum, and some 


further experiment was needed to determine the 


correct or optimum angle. The method for 


determination of this angle was to use the same 


riders for each series of tests and determine their 
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the body position was clearly shown 
depressed nails. The mean trunk angle was then 
established for a subjects 


Whether 
MIL-C-8061 


range ol 


ocnel 


Dacron or nylon 








reaction 
and blackout thi 
With the seat 
angle was 0, 5 lO” and 
made with observations « 
chest and threshok 
by all 
optimum angle which 
able lack of 


high “G” 


pains 


riders was the fact 
pain in tl 
tolerance 
accepted hgures 

It was unknown how n 
experienced with the nylon 
runs were made to establish t 
“on. 


was mounted beneath the seat so that it was in 


angle at high block of 


line with the spine. Some 3 in. long nails 


were 


entered in the foamed plastic at | In. intervals 


so that about 23) in. of the nails protruded 


A i in 


each nail 


square flat wooden block was glued to 
Ihe contraption was arranged so that 
the 
The 


figure and 


all nails known distance from 


STAFORM, 


centrifuge was run to the high “G” 


were al a 


and the subject’s spine 











“al Was 


rigged with Dacron fo 


and then rigged with nvlon 


identical tests conducted 


The 


question 


opinions oO! a 


the nvion was mo 


This 


stretc ' Lie ivion 


the Dacron s almost certainly due to the 


greate! which provides 


more wrap around the chest walls during hig! 


7 7 
COnLACT 


acceleration. It ensures a greater! area 
as the result of stretch which gives an increased 
capability of preventing possible rib distortion 
All further testing was made using nylon mes! 


to MIL-C-8061 
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[he next tests involved vibration. The resonant 1¢ resonant standpoint. However, two interest- 


requency, if any, was an unknown factor, and ide effects were noticed. Many of the tests 


if 


i 
was decided to mount the prototype seat re conducted in the morning so that the 
ition table for low-frequency tests bjects were not tired and more alert, but 
program é level le at the frequencies, 

1 body restraint 3 « the ‘veral occasions lulled to 
c/s the subjects 

It is assumed 

a voice har- 

[This means 

would be 

to these 

in the near 

horizontal 


lat turthet 


the floor 
known 
enomena will 
Dut it may 
ohtiessness 
If this is the 
equipmen 
1 when in 
Xt Question le 
capabilities s« 
this vehicle 
concerned 

where should 

e controlling 

but man’s skill 

ding and perhaps on 
the automatic system 
oesn't cope with other 

any event some type ol 

equent tests at an amplitud up-down, left-right type of controller to take 


had a maximun and rudder is needed in 


was considered satisfactory from addition switches, variable controls 
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and so on. Tests on the centrifuge show that 


under conditions of high acceleration, precise 
operation and control of the digits, remain until 


black-out occurs It is logical therefore to 


design primary controls for finger and thumb 


operation as far as practical. There is also a 


requirement to keep the arms off the chest 


during launch, because of the additional load 
imposed on the chest which would cause prema- 


ture chest pains. An arm rest is a likely solution 


to this problem. A study of seated people in 


theaters, churches and at conferences revealed 


that most people sit with their arms either folded 


over their chest or with their arms crossed 
An arm rest which will permit the arms to 


in their natural position, over the chest 


designed to permit easy entry and exit from 


seat. The arm rests open from the center 


hinge upwards and outwards. They have, also 


quick disconnect for emergency purposes sucl 


the arn 


as a ground landing accident. On 


will be mounted the primary control 


operate directly or indirectly the vel 


and roll litiated 


It is 


pitch, yaw 
by this controller 


the vehicle axis and is 


preliminary experiments sh 
amount of! training 1s 


SSaQy LO 


course tl 


proficient with this system 
will be statically and d ally balan 


this control 


id only ly 


One other problen 
it is Operated by the rig! 
of incapacitation of th 
by the left hand is alm 


mpossible 


multi crew operates in sucl 


another crew member will take cont 


sticks (X-15 and 


also brings with them this problem o 


modern trend of side 


do in the event of incapacity of the operator's 


hand and probably must be 


( ther 


regarded é an 


accepted hazard controls on the arm 


rest consist of a batch of variable finger controls 


operated by the left hand. These fit the natural 


linger tip position, as previously stated, and 


under acceleration loads, the fingers are capable 


of accurate positioning and are capable of 


operating this type of control. The arm rests 


also house an arm restraint and exercise device 
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During launch it is necessary to completely 


restrain the arms, and under condition of 


weightless flight it is most desirable to simulate 
al “G” feel. It 


muscle tone of the body so the system can be 


will be necessary to maintain 


used to give up to a 3 “G” pull 


Take-up reels 
mounted in the arm rests and connected to the 


wrists by cables are designed to lock the arms 


into the arm rest for launch. Depending upon 


the wishes of the occupant, this can be set from 


a loading of zero to 3 “G”. A similar dey 


connecting the ankle 


used to take care of leg muscles 


By this time, most of the testing was complete 


and engineering on the final configuration 


the seat began. Using the contours and ans 


1 


found by experiment, it was decided to manu- 


facture tubular titanium frame. When engin- 


eered for a 32 “G” capability, this frame weighs 


lb. Due to the high cost of titanium, and the 


aimculty ol 


imenta 
fabrication section 


using stainless steel 


104 Ib. The nylon 


attached tO 


series of clips shown on 
These clips pick up each seco 
it t the 


sO s possible very accurately to adjus 


that the desired tension 1s 
After 


f the 


net as well as insure 
readily obtained 
aw edges 

icealed 

protector striy 
members fron 
event minor 
member with the seat 


Ihe head rest 1s made of fiber glass with a 


rubber By providing several 


head nt 


foamed nsert 


close can be readily 


Although in 


glued in place, the production head rest would 


sized inserts, a 


obtained this model the insert 1s 


have fasteners to secure the insert which would 


be a personal issue to the space pilot. A late! 
model of this head rest will have to incorporate 
earphones and a boom type microphone 

The cords which provide tie downs from the 
mesh to the seat frame about the pivot point 


are intromeshed. This allows for adjustment of 





the seat 


versa 


accommodate th 


fan 
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back. 


ie seat can be easily adjusted to 


to the seat or vice 


relative 


e smallest or largest occupant 


An adjustment mechanism will provide either 


manual 


( 


electrical means of adjustment. A 


moves the seat angle 


-d manually 


nal work and rest position 


will adjust 


explosive type of decompression 


Think 


whilst 


ne will be able to I 


ping, body etc 


hygiene 


and B. P. EBERT 


constantly wearing a pressure garment. There 


are sO many practical reasons for not wearing 


one that we must consider an alternative system 


which will offer protection to the crewman at 


all times 
Encapsulation of each seat individually would 
be a solution, and after 


appear to possible 


nail an 
occupant pressure breathing 
Such a situation, ol 


grounds for an 
ol 
modern 


to 


present 


and immediate recovery 


th the ft the most 


USC ¢ 


flexible nylon products, we are attempting 


perfect a lightweight encapsulation system. The 


Seat 1s surrounded by lightweight material which 


is stowed (Fig. 7), and when an emergency 


situation presents itself, the crew member must 
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occupy the seat, close the arm rest, and the seat 


will automatically be encapsulated (Fig. 8). In 


an emergency situation the seat is self-sufficient 


with its controls pressurization and transparent 


panels which enable the seat occupant to look 


out of his capsule and see the 


per Iscope etc 


1 > hin 
space Cadin 


crew mel 


is ready for uring the prelaunch 


the 


period crew was taught a new li 


which included an adjustment from the 
Consider for a moment 


launched a vehicle 


cycle 


diurna 


would happen if we 
who had 


By 


retiring time tonight they would all be ready for 


morning at 0900 hr. with a crew just 


spent the previous night at home normal 


sleep. The training period will take care of this, 


having readjusted the crew to a new cycle so that 


ideally one man is ready for sleep as soon as the 


M 
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vehicle is launched while the other tw« 


phase with each other, one having only a hal 


a duty period to serve before rest 


Lol 
In a state of weightlessness can 


Riit 


crewman to orientate himsell 


viding him witl i normal 


previously 


aisorientati 


s vestibular sen 


false indications, and once again 


orientation 


To discover if we could design a witl 


device which would assist the occupant 


knowing which was top and bottom, we 


con- 
A vertical 


frame with shock cords mounted in tension was 


wooden 


ducted a simple experiment 


prepared. A net sheet was stretched over the top 
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of the shock cords so that a human could be 


sandwiched between the two. The subject for 
experiment was first of all blindfolded and then 
taken into a room in which the test apparatus 
was Situated. He was put in the standing position 
and the device tightened about him so that the 
shock cards were at the back and the mesh about 
his chest and abdomen. This experiment lasting 
5 min each per person involved about 100 people 
After this shock period of confinement in the 
Irame 


the subject was asked: ““Do you feel more 


pressure at the front or back?” 96 could 
eater pressure on the shock cord side 
the purpose of the experiment, as 


back 
; 


rc designed d bed which 


subjec ts 


‘ ' ' 
Cravuion 


‘0 Dack 
elaxation 
a small 10 


projection ol hims filmed television shows 


micro-himed books and technical orders. The 


forms of recreation will be dictated by the tastes 
f the individual crew members, type of mission 
and space available. Music will also be available 
Such 


an “as required basis” items as the 
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Chinese string game, checkers and chess will also 
be provided for use by the off duty members of 
the crew, although there will probably be very 
little time for participation in such matters 
How 
next problem 


little 


to take care of body elimination is the 


Urination will probably present 


difficulty as urine must be collected for 


recovery and purified so that it can be fed back 


to the drinking supply. Therefore, urination 


before and separately from elimina- 


must occul 


tion, so that no urine ts lost in the elimination 


device. Elimination has to be assisted mech- 


anically. It is most unlikely that the feces will 


have sufficient momentum to leave the 


body 


without mechanical assistance. Several devices 


hav Cc 


proposed and I shall outline one such 


seat over which a personalized covet 


re use ounted on a cylindet 


estrains the user on the seat. Inside the 


fitted a double venturi. and air from 


rculation system the cve 


ri causing a local flow a down 


of the venturi 1s 
This bag has four small 


OuUul 


lugs. and a double 
lower end 


The 


strap 


rence The 


e restraint 


air supply and eliminates, the feces 


On completion, the 


nto the bag 


} | . 
Strings which close the 


top 


releases the st The bag and 


rings 


are drawn by the air flow into a 


ainer (which ts vented to the inlet 


air conditioning through an 


system) 


and will remain in storage until the 


yn of the flight. After use, the occupant 


C alt Vaive 


At the cessation of the mission, the vehicle re- 
entered the atmosphere by using either high lift 
or high drag. The deceleration forces in the case 


and 
back to 


of high lift are not excessive, about 1-6 “G” 


such loads are comfortably taken in a 


chest direction. Deceleration forces in the case 


of high drag are much higher, in the order of 


9-6 “G", and can be tolerated for a short period 


of time only Nevertheless these also will 


probably be taken back to chest 





\ HYPOTHETICAL MISSION TO SPACI 


After recovery, it will be necessary to retrain of the early problems which have been con- 


the man to live his conventional life under sidered, and to outline some possible solutior 


conditions of | “G”, and the normal conditions — to these problems. As the state of the art pro- 


on the Earth. This may take a week or so before gresses, so ideas will change. It is paramount 


he is properly readopted to his “natural” that those of us concerned with the development 
habitat of crew stations, keep abreast of tl 


[his paper attempts to discuss briefly son and strive for 
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seat position, and as rudder control became 


ineflective at approximately 6 “G” while wrist 


and finger control was effective to beyond 
12 “G”, a three-axis wrist controller woul 

probably be necessary for manual 

control. However. all side sticks de 

this time were two-axis 

only After studies were made 

Structure, pivot angle limits and 

bilities along all axes, a three-axis sid 

designed and initially evaluated ver 

ventional center stick—rudder pedal 

ina C-11B simulator. With a minin 

zation period pilots were able to ike equal 

accurate instrume approaches and landings 
with either type o 

angle and side 

centrifuge simulator! 

instruments necessary 

command boost prot 


| 


closed loop SH 
response 
Transient 
Acceleration space flight simulator 


ohnsville entrifuge 


was obtained with 
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g. 4. Six degree of freedom 
acceleration 


ol 
pilot 


recorded runs under the selected 


profile. Oscillograph records were made 


integrated error in pitch, roll and yaw; 


input in pitch, roll and yaw; instantaneous error 


in pitch, roll and yaw; radial acceleration; and 


LUTON 


flight path angle. Also a variplotter operated 
each run and plotted altitude versus velocity, a 


Fig. 2 


Ihe four subjects’ integrated pitch control error 


typical dynamic run being shown in 


from the commanded profile) was averaged for 
run, static and dynamic, and a comparative 
after a short 


the 


It indicated that 


‘ 
} 


period (four runs) 


ts’ accuracy of control under the high “G”" 
ditions was within 5 per cent of the accuracies 


under | “G”™ conditions. The subjects 


ise to attitude errors averaged one- 


the boost conditions, how- 


ler under 
s apparently did not significantly affect 


bability of achieving a successful orbit 


luded that with the seat position and 
ised in this experiment and with 


lle 
it information, a pilot could be an 


redundant controller to an automatic 


during the boost phases of space vehicle 


iuch of the remainder of an orbital mission 
been 


j 


O engineering ana 


beyond the regions which have 


by and are familiar t 


fixed base space flight simulator 


flight personnel as regards the human component 
in the system, a six degree of freedom fixed base 
space flight simulator (Fig. 4) was constructed 


Specific objectives were to determine what 


control capability the pilot will have as well as 
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what displays are required—both optimum and __ pilot controlling temperature during re-entry 
minimum—to manage energy, effect safe re- and managing the vehicle’s kinetic energy to 
entry and navigate to destination. Some idea of arrive at destination. An orbital space vehicle 
ymplexity required to achieve such simula- requires a completely different concept of 
tion is illustrated in the block diagram (1 
by 2 past rr example, at 500,000 ft altitude the 


tne 4 
ig energy than pilots have used in the 


This particular simulator was driven 


amplifiers and 16 function potential energy (which is familiar to pilots) ts 


capable of simulating in 500.000 ft-lb/Ib of vehicle weight, while th 
irom the end of boost, tl twenty times that value 
final vehicle weight 


ne ry , j 7. 
nypersonic gide and 


; 


i 
| 
| 
| 
| 
i 
| 
4 


OLN 


adequate display of this 


destinations may 
varameter of critical concern 
vehicle temperature. A lifting 
non-equilibrium re-entry) 


| oT) . 
eries of long period bounces off 


records iriplotters Ul le lower atmosphere. A recording of 
recorded profile data. An altitude versus versus velocity (Fig. 8) illustrates this 
distance t 6) recorded ‘ntire orbital condition. As maximum lower surface tempera- 


mission as flown by the pilot. The deviations ture occurs at the bottom of each plunge and it 
angle-of-attack, it was found 


from the predicted trajectory are the result of the is a function ol 
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that the pilot could effect safe re-entry from Fig 9. With 
above the normal or equilibrium 


I 


proper energy management and 
recovery navigation information, the pilot may c 

ceiling. This was accomplished by holding for relatively large azimuth launcl 
C1... during the descending phase and allowing 


turn to reach alternate destinations 


— = = oo T 
‘ ne 


-—— = 
ee ret 
\ , ; | ~ ; 
= 
~ 
~ 
~ 
~ 
~ 


a pilot and relatively complex and less reliable 


1de rases Of a 


orbital, re-entry and hypersonic glide p 
for automatic equipment. The ability of the one-orbit mission and can manage kinetic and 
pilot to turn off the orbital path during re-entry potential energy and navigate to various destina- 
to reach particular destinations is illustrated in 


tions. The capability of the pilot, assuming 
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adequate 


formance capability 


reservation in reaching luSIONS that 


several other human tactors nbdDined stresses 


etc were not simulated 


beyond the the anal 


<t of 


Jegrec¢ 


Although the work to date on flight 


spac eC 


significant as indicated above, it 


simulators 1s 
a millesimal fraction of what ts 


flight 


As the next step, a most 


represents only 


required before space becomes even 


relatively commonplace 


urgent need exists for a moving base environ- 


mental flight simulator. To build a near-total 


lity for every type of spacecraft 


Many 


all crafts and 


parameters are 


missions, and many 
ler so slightly that the apparatus would 
to each configuration 


convertible 


ade to determine what degree of 


reasonable cost: 
10. The 


would simulate on a 


simulation could be achieved at 
the results of which are shown in Fig 


basic fixed base simulator 


real time basis in Six degrees of freedom all 


phases of the mission boost, orbit, re-entry, 


glide, approach and landing. The addition of a 


moving base would give the proper direction of 
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the acceleration forces existing at all times as 
well as the translational motions due to vehicle 
short period dynamics. External vision in the 
form of a planetarium type display would add 
very little to the total cost. The important crew 
tem- 


perature, internal atmosphere and pressure, and 


environmental Stresses noise, vibration. 


reasonable 


price. Only when an attempt is made to include 


lighting—could be included for a 
the magnitude of acceleration does the cost go 
out of reason. This is due to the extremely large 
centrifuge required to carry the heavy simulator 


And. of 


obtainable at ; n 


course, the weightless condition 1s 


Surtac 


simulators 


f 


Conceptual studies were made to 


how best to achieve the above. One 


cept is illustrated in Figs. 11 and 12 


cular simulation laboratory consists 


spher ical dome. 40 


two-story building 

the dome is a mo\ 
which 

flight 


gondola duplicates 


crew §$ control station 


instruments, controls 
arrangement of the space 


The 
anita 


space missions are reproduced therein 


gation environment stresses 


heat is produced by heating elements wh 


raise the inner wall temperature to 


rocket noise up to 130 dB is produced 


and projected by a speaker system into the 
pro) | 


‘ in. double 


cabin: vibrations to 50 c/s and 


amplitude are programmed as a function of 


flight condition by a signal generating device 


which drives the seats’ vibrations bases; and the 
internal atmosphere in its principle elements of 
composition and mixture ratio, cabin pressure 
altitude, humidity and circulation rate is 
generated by systems of pumps, valves, supply 
bottles and regulators. The entire cabin environ- 


ment is programmed as a function of the 
particular mission profile 

External vision is projected on the interior of 
the spherical dome by a planetarium type star 
field~Sun—Earth—-Moon projection system, which 
is attached to the upper surface of the gondola 


It is servo driven by signals from the computer 
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The Earth’s and Moon’s orbs may be varied in 
size from a pure horizon to spheres (including 
phasing) of the proper size when viewed from 


Black light would 


be used to simulate the high contrast conditions 


the vehicle’s space position 


of space 


has pl 


a point far enough behind the 


Ihe moving base vot points in pitch 


roll and yaw 


gondola to rovide realistic short period 


translational and rotational motions. The entire 


gondola and gimbled structure 1s mounted on a 


yoke which pivots to provide the proper direction 
he 


of the acceleration fields throughout the mission 


gondola is a pressure-tight hatch 


Atop the 


and tunnel which mates with a space cabin 


laboratory at the conclusion of the boost phase 


This space cabin is a fixed base chamber 


which contains the same 


atmosphere and pressure as the gondola. When 


arge vehicle long space missions are being 


studied the gondo i and space cabdin are used as 


le > | »T he he 


, ’ vA ~4 
a singie venice OWeV Hey nay © user 


separately 


Ihe entire ven by an analog 


digital computer complex capable of computing 


“al time. the flight mechanics in six degrees 


of freedom, the navigation equations, rotating 


Earth 
i y 


generating systems, and h functions as re- 


winds, programs ronment 


quired by the work stations in the space cabin 


The aerodynamic and 


reaction control parameters 


equations Of motion 
orbital mechanics 
etc., are computed in a nearly total sense with 
only minor linearizations and compromises to 


simplify the apparatus. None of the parameters 


which might have a realizable effect on the crew 
would be omitted 

The master control station in the center of the 
laboratory consists of a large console which 
contains all the controls and monitoring devices 
(including closed circuit television) required to 
direct the simulated flights. Variplotters, pen 


and tape recorders record all the essential 


parameters for crew monitoring and crew 

proficiency evaluation on a continuous basis 
This entire facility is completely versatile in 

that it would be adaptable to any spacecraft 


configuration from a single-man orbital craft to 
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However, to obtain valid data on man’s perform- 
the simulator must have 


ince ON space MISSIONS 
f 


acticable of the following basic 


ombined stresses, vehicle dynamics 


ving base, and vehicle displays 


jough initial results indicate 


sponsible 


re 
tnougnt 
program 
all 


only 
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e Agency, Army 


Ordnance 


Abstract 


track Captured capsule carries 


grammed 


I. INTRODUCTION 
With 


manned space flight just 


corner. consideration 1s being given to 


selection and training of personnel wh 


One ol major problems arisin 


these flights 


in the training 


astronaut to e€ reansuc acceicration in 


weightless states which he will experience 


his flight whether it be in a ballist 


portation missile or in an orbital space 


Many systems have been proposed and 


schemes have been used to provide 


tions short periods ol zero-g 


ness), or combinations of these. Each 


systems has its shortcomings. Studies have 
made of the use of elevators in the Empire State 


Building 


Gravitron, a U-shaped vertical track to establish 


and Carlsbad Caverns 


zero-g conditions. Acceleration studies have 


been conducted on centrifuges and tracks, and 


has been accom- 


acceleration and sub-gravity 


plished with aircraft flights “ 

Aircraft flight is the only means now available 
(excluding for the moment the ballistic missiles) 
in which acceleration and sub-gravity conditions 
min in the near future, may 


which may reach | 


be combined. The primary drawbacks in the 
flight 


realistic 


aircraft programs, are the inability to 


obtain acceleration and deceleration 


forces over the proper time periods and to 


provide a true weightless state during the full 


Keplerian flight. Additional problems con- 


nected with the use of aircraft are maintenance 


the 


Cost! per test 


| 


jucted 


Training n will be cond 
ballistic yDadility 
orbital \ 


costly. lim 


y operations 
and actually, it would appear that the first flight 
might be equivalent to graduation 

Because of the limitations of the aircraft flight 
need for a 


programs, there ears then to be a 


ground-based lity capable of subjecting the 


trainee to the accelerations and weightless condi 
tions as he will experience them in actual flight 
lo aid his training further, he should be provided 


with the cay which he will ride and be 


given the problems nust accomplish during 
his flight 
study of facility 


which if built would accomplish these ends 


[his paper describes the 


il. DISCUSSION 
A. General 


Acceleration Simi 


training 


The Space Flight 


ground-based, man-carrying and re- 
search facility capable of accurately and repeat 
edly producing the acceleration and deceleration 
patterns of single and multi-stage rocket-boosted 
vehicles. Of major importance is the capability 
of producing true zero-g conditions up to 30 sec 
between the simulated injection and re-entry 
phases of the flight 

unusual facility 


The requirements ol the 


require a unique design which in turn requires 
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that special consideration be given the location track before and after being switched into the 


of the facility. Fig. 1 shows the facility as it vertical or zero-g portion of the track. Pro- 


might appear in the Grand Canyon pulsion is obtained by a low thrust turbojet with 


B. The Facility Several 


The space 


Various 


researcn 


n this pa nstallation of | ting will prov round-the- 


later 
Would 


and pl 

support C. Design Criteria 

top of the tr if Many desirable and required features were 
The track ie conceptial design study of the 

track 1000 ft in diameter connected 


track witl | height of about le t was felt that one of the primary require- 


1 ; ‘nts W > that of a ground-based system 


he welhy — " . 
The venici ) < is secured | 
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track 


ing the track subsonic 


problems associated with design co 


kept to a minimum by hay 


Highly desirable also was the consideration that 


the sled or capsule be lar 


trainees to be accompa! 


who could exercise Col 


well the design satishes these require 


How 


ments will be shown in the following paragraphs 


D. Track Configuration 


Two different track configurations 


initially considered in this study but the 


ACCELERATION SIMULATOR 


the system sl] 


bility ot 
further consideration 


curved track 


| be conducted at subsonic 


continuous welding of1 
be necessary 

continuous water trough used to obtain 

deceleration forces and to provide emergency 


stop capabilities is shown tn this figure. The water 
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splash shield and the instrumentation pickup 
are also shown 

The switch arrangement is shown in Fig. 4, 
indicating the method of removal of the wall 


and track sections. In this view, the lower rail of 


TRANSITION TRACKS 


a 


BARKER, JR 


axis while fuel and instrumentation are located 
in the streamlined end sections. Since the vehicle 
travels in both directions, the turbojet intake and 
exhaust ducts are swivelable 

Referring back to Fig 


. 
3, one sees how the g 


Som 


~ SWITCHING ARRANGEMENT 
CIRCULAR POSITION SHOWN 


GE D-4-59 
>) AUG 59 


Fig. 4. Switching arrangement circu 


track 1s dropped to the bottom of 


igh allowing cont 


Inuous Operation 


he water brake if needed. Other sections are 
hinged or as shown by the 


arrows to 


provide clearance for the capsule 


The Simulator Capsule 
A typical manned training ca 
This 24 fi 


trainees and observe! 


ry 


} sule is shown 


in Fig. 5 long capsule carries three 


an 
The a 


turbojet engine mounted radially to the vehicle 


within its main com- 


partment engine compartment houses 


forces are introduced to the trainee. A pendulum 


that 


type or gimbled space bed insures 


(Earth 


deceleration 


the 


forces gravity. longitudinal 


or and 


centrifugal 


reduced to a single force 


An automatic safety system operable from 


within the sled or by external sources will stop 
the necessary by extending the water 
brake or applying other devices in the transition 
curve and on the vertical track 


This two ton sled rides on shoes of special 
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design, required because of the varying curvature 
of the tracks. An interconnected pneumatic or 
hydraulic system on each shoe equalizes the 
the 


loads on the several bearing pads. Since 


water trough is continuous, water lubrication 


and cooling”) of shoes may be accomplished by 
a small scoop 

Included in the cabin would be communica- 
tions equipment (to the track control officer), a 
display showing “flight” instrumentation, a pro- 


grammer to provide the desired “flight” 


- 
pe os 


ret 


emergency controls, etc. The space flight trainee 
or the research subject would perform certain 
operations during the flight under the viewing 
by TV or by the observer who may ride the sled 

Sound proofing of the cabin will be required 
and actual flight sounds and environmental con- 
ditions “~*) may be introduced to provide realism 

Other designs of manned or unmanned sleds 
might be suggested here but it is not the intent 
of this report to describe in detail the equipment 
for the wide variety of missions which might use 
the facility 

An artist’s conception of the capsule 1s shown 
in Fig. 6 
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F. Propulsion 

Because of the unique track design, the power 
requirements for typical missions on the space 
flight simulator are relatively small and simple 
The 


Sustainer 


requirements consist of a low power or 


type system used over the entire 


“flight” and a high power or boost phase re- 


quired while on the transition track. Since the 
flight is programmed both ways on the track 
the power supply must be capable of applying 


thrust in either direction as required 


GE 39-1-59 


Aerodynamic drag, frictional losses and 


longitudinal acceleration make up the three 


forces which establish the power requirements 


the 
to 


for the sustainer. These are calculated in 


conventional manner and are combined 
determine the total sustainer requirements 

It is found that the propulsion requirement 
for the sustainer system for the sled shown in 
Fig. 5 is in the order of 2000 h.p. or can be met 
with a thrust system developing 


than 3700 Ib of thrust 


slightly more 


The boost or high thrust requirement may be 
accomplished by a jato with variable orientation 


as required, applied on entry into the transition 
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track. A thrust of slightly over 11,000 Ib is that all items such as initial cost, upkeep, 
required over this short period. Depending on operational costs, exhaust products, etc., are 
the deceleration values desired in the flight, it considered 
may be necessary to apply an additional high The turbojet was used for this study. Engine 
thrust as the sled re-enters the transition track operation at fixed throttle with thrust directional 
from the vertical control will provide the fast reaction time needed 
As can be se ( ‘ e | y tolerances 
ion ve Sustainer during the vertical 
rises approximately one half of this figu r zero-g flight will require the thrust vector to 
a function sented are: to normal to the track. Only that 
ctor required to overcome drag and 
be required at tl ne. A simple 
overcome the drag | le sustaine accelerometer will control the thrust direction 
smaller sleds would be mewhat smaller maint i zero-g within the tolerance of the 
The propulsion unit 
1 rocket TERITTIC } ) iis {’ ror On UNI I sled which 
(Allison) « 
the HS-R-804 


Pratt and 


a wheeled 


and 


iil. SYSTEM KINEMATICS 
part r track conhigura 
was Dased on many 
irement for sleds with 
n= was considered 


requirement tor 


a showing human 
used then the rocket engine might it n endurance < d yr this acceleration value was 
for its lightness and simplicity also considered. To keep the power requirements 

The low fuel consumption of the turbojet low it was necessary to conduct the “flight” at 
nakes this engine 1 favorable also ‘ ww a velocity as possible 
Engine weight 1 1 his ut the fue n > circular track radius of 5OO ft gives a 20 e@ 
sumption ul > ten that oO ie capability v a velocity of about 400 m p h 
system as shown 1 g. 7. While smaller radu would 
For both of these systems, the thrust vector induce an even greater g load at low velocities 


must be vi » thru 180°. The small rocket any shorter “time-around-the-track” than that 
engine might tel) ated while a_ for the 500 ft radius (see Fig. 8), was considered 

‘tation of the exh ff the turbojet to be too short to accomplish switching and still 
would probably be the solution as shown in have a safety margin for stopping in the event of 


Fig. 3 trouble. Since the power increase for larger radii 


A more detailed study should be accomplished — track is a function of the velocity squared, the 


prior to the choice of any one system, to insure 500 ft radius appeared to be a good choice 
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Final track design might result in other con- 

figurations for propulsion or design reasons 
Design of the vertical track was based on the 

desire to obtain at least 30 sec of zero-g. Fig. 8 


also shows the height of the vertical track versus 


time at zero-g. thi rack 


Also 


W hic h 


was required for shown on this 


figure 1s the velocity at the sled must start 


For 


, . 7. 
Is TOQuires 


in vertical “flight” 


of 483 ft Sec 


30 sec. an entry velocity 
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Figure 9 shows the effect of the relatively low 


longitudinal accelerations when applied for 


extended periods of time. Since the circular track 
design takes advantage of centrifugal force as 


do the common centrifuges it becomes easy to 


produce high acceleration resultants with low 


power requirements. For example, the applica- 


tion of 0-O8 ¢ will result in a velocity of 300 ft/sec 


and a resultant acceleration of 6 g if applied 


and 


ie » > ime 
10 descri i titie 


Fig. 8. Sled velocity parameters 


Since the use of a 500 ft radius for the transi- 
tion section with the desired velocity of 483 ft/sec 
would result in a 14 ¢ burnout acceleration, the 
transition curve opens from a 500 ft radius at 


the circular track to a 1210 ft radius at the start 


of the vertical track keeping the 6 g loading 


distance required to stop the sled at various g 
levels, given its velocity. This information com- 
pletes that needed for switching and emergency 
track actions 

In performing a simulated flight, the desired 


acceleration-time history is prepared. A typical 
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+42 
Considering first, the first stage of the boost 
phase of the flight, application of 
of 300 ft/sec at which time 


“flight” of a two stage orbital vehicle with re- 


entry 1s shown 


in Fig. 11 and this ts the accelera- g for 90 sec 


tion-time pattern to be duplicated. As seen in results in a velocity 
-entry phases are’ the water brake reduces the velocity to simulate 








pattern two-stage booster 


zero-g or first stage burnout. This maneuver, without 


however, the 
braking, is repeated for the second stage after 


identically 


coast period has a limit of 30 sec (for this track) 
which the sled enters the transition track 


To take advantage of the maximum weightless 


Note that velocity and distance traveled are also 


| 5 


shown in Fig 
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time available, the velocity 1s increased during 
the travel on the transition track as indicated 
This velocity increase over this short distance 
requires a jato assist. Since the entry into the 


flight 


track, the acceleration due to centrifugal force 


the transition 


vertical is tangential to 


drops to zero. Only a small fraction of the pro- 


pulsion available is required during the upward 


and downward portions of the flight to balance 


the aerodynamic drag and friction forces tending 
back 


these external forces may be held to the accuracy 


to hold the vehicle. Since the control of 


of the present missile control systems, there 


appears to be the possibility of obtaining zero-g 
or any desired level of sub-gravity with a 
tolerance of ol a 

Upon re-entry into the transition track, the 
vehicle ts again subjected to the desired g forces 
Ihe simulation of opening of parachutes and 
ground impact are accomplished by _ high- 
impulse short duration rockets. In this simulated 
flight, the sled has traveled a total distance of 
over 10 miles in 5 min 

An increase in time on the vertical track is 
possible with values of sub-gravity other than 
zero-g. On the 30 sec zero-g track, the Martian 
gravity of 0-39 Earth g may be held for 39 sec 
while 0-7 Earth g can be obtained for 55 sec 

Other 


boost phase followed by a zero-g flight to the top 


programming is possible such as a 


of the track where the sled is stopped. It also 
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might be desirable to start with zero-g and 


perform a re-entry maneuver. These partial 


flights would simulate the conditions which 


would be experienced by personnel going to 
orbital stations for extended time periods or 
returning from there to these stations 

With the application of proper maneuvers, it 
is possible to enter the zero-g flight with accelera- 


tions in excess of 6 g by accomplishing a braking 


maneuver just prior to vertical flight. Automatic 
orientation of the passenger allows him to feel 
the resultant forces only, so he does not recog- 
nize the braking maneuver as such. This braking 
maneuver is required to bring the velocity down 
to 483 ft/sec since excess velocity would cause an 
over-run at the top of the track. A study of this 
high pre-weightless g followed by weightlessness 
may allow the researcher to raise the presently 
planned burnout acceleration limits for manned 
flight to more efficient levels. Using the circular 
track only, accelerations of over 70 g can be 
obtained with subsonic velocities 

The above cited examples illustrate the flexi- 
bility of the simulator to provide time-accelera- 
tion curves for any desired “flight” conditions 
and to simulate lunar and planetary gravity 
fields for test of equipment and personnel under 
these conditions 

From this one facility it is possible to study 
the biological effects of zero-g and sub-gravity, 
and accelerations, angular, 


sustained impact 
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oscillatory and jostling accelerations and of (3) as the system is track captured, it provides 


accelerations of simulated flights as fe training and research tool for future space 


ad Sadi 


course the 


these effects influence plant and animal life 


flight programs 
programming the ‘flight’ 

IV. SAFETY 
allow ne Ni v ol any desired rocket 


most obvious 
adual build-up to the 


programs and 


- ; 


built 


missile 





CLOSED ECOLOGY PROBLEMS IN A SPACE CABIN 
SIMULATOR 


IEAN R. NELSON 


R¢ 


Abstract 
M c 


Concern for man’s well-being | > mal sealed rr 30-day ig! provisions 
machine system has become actical 1 physiological requirements such as breathing 
in recent years. One of the well recognized pr eating, drinking and personal hygiene must be 
lems to solve in assuring man’s well-being on the completely contained within the cabin. Herein 
stairway to space ts his adaptability to capsulated lay the challenge to our designers in developing 
ecology. The Space Medicine Division of th this research vehicle 
School of Aviation Medicine recognized early Many minor problen 
the need of research o1 sed ecology é ‘ the designers, but the tv areas of atmosphere 
cabin and plan rr a simulator were ated control ar ast ynvel discussed in this 
by Dr. Hubertus Strughold and Dr. Fritz Hal rove worthy in challenging thei 
in 1952. Under 1 direction of Geor iwenuity +r of these problems was solved 
Steinkamp, Lt.-Co USAF(MC). Chief o ith a startling breakthrough i at the art 
Astroecology Department, a series \ lay athe practic mbination and expan- 
flights have been accomplished a one-mat SiO f kno processes was accomplished 
96 {t” space cabin simul lights n atmosphere 1utomatically controlled 
Starting in February we to the desired values emperature 
several years development 76 t al humidity. and tl | pressures of Ox 
techniques carbon dioxide and » filler gas. Carbon mon 

At Minneapolis-Honeywell, we ‘re invited oxide is also sen and controlled through use 
ast fall to share in the expansion of 
program by designing and constructing a two- nteractiol twe pressures, ten 
man, 380 ft® space cz simulator for the ‘lative humidity control systems occu! 
School of Aviation Medicine. The space cab an analog ilation study was conducted 
simulator is primarily a research tool, although here were » detrimental interactions 
its use may be eventually expanded to aid inthe affected stability any control system 
selection of astronauts and ultimately to serve working design requirements established by the 
as a trainer School of Aviation Medicine and Minneapolis- 

Since the 5 2 ft elliptical cylinder Honeywell for atmosphere control are listed in 


forming the shell e cabin is completely Table | 
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Table |. Working Design Requirements for Atmosphere Control 





Range Threshold 


Oxygen (partial pressure) 100-400 mm He 45 mm He 
Carbon dioxide p. p 0-80 mm Hg 1-3 mm Hg 
Carbon monoxide p 0-0:07 mm Hg 0-07 max 
Total pressure 240-760 mm Hg 4mm Hg 
Altitude equivalent 28.500 ft-Sl 500 fi 
Pressure leakage 0-0-052 mm Hg hr 0-052 max 
Mean temperature 60 -80 I l 

Relative humidity 410-60 3 at 40 





Location of the physical plant for handling charge duct is further split so that up to one- 
the cabin air is shown in photograph, Fig. | third the total air flow can be diverted through 
Cabin air is collected through floor register chemical beds for adsorption of carbon dioxide 


openings in ducts running the cabin length on Distribution baffles downstream of the carbon 


Fig. |. Air distribution system 


both sides and collected in a plenum at the hatch dioxide adsorption beds direct all air uniformly 
end of the simulator. The electrostatic air cleaner through activated carbon beds for odor adsorp- 
is located between this plenum header and the tion. The adsorption bed outlet plenum 
circulation blower, which moves air toward the chamber serves a vertical air duct behind the 
console through the underfloor ducting. The instrumentation or work console. Air flowing 
carbon monoxide catalyser is mounted so that upward is relieved of excess moisture in the 
blower discharge pressure forces air through the dehumidifying coils, reheated with resistance 


catalyser to the return ducts. The blower dis- heaters to the set cabin temperature, and teed into 
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perforated distribution ducts along each side of 


the cabin about shoulder level. Low duct 


velocities of about 25 ft/min prevent objection- 
able drafts. 

Absolute pressure, temperature, relative humi- 
dity and industrial type gas sensor electrical 


outputs are used for interior and exterior console 


instrument display, strip chart recorder and 


| 


operation of the control systems. Set point con- 


trol adjustments and instruments calibration 


’ 
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equipment are provided on both the interior and 


exterior consoles The exterior or research 


monitor console retains override authority < 


times whether it serves to establish research 


experimental conditions or to correct pilot error 
OXYGEN CONTROL SYSTEM 

[he liquid oxygen gaging system is shown in 

Fig. 2. Oxygen requirements for two men for 


days are more than supplied by the two 


Fig. 2. LOX gaging system block diagram 





Fig. 3. Interior view of space cabin simulator 
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LOX converters The 


minimum boil-off signal is less than set value, and the other relay 
the LOX converte 


rat 1¢ total pressure trim pump, which 
usage of oxygen from the cabin if the error signal 
value. The analog simulation 
action problems 


between the 


ature and 


accom- 


abin by 


CARBON-DIOXIDI 


CONTROL SYSTEM 


bh 


e maintained 
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amount of air flow through chemical carbon _ rate of adsorption as the main system but 
dioxide absorbing beds (see | g 5). The d.c. out- less Capacity 
put of the carbon dioxide analyser 


is chopped 
amplified and 


used to drive a phase-sensitive CARBON-MONOXIDE SYSTEM 


motor to actuate the damper bypass valve. The Ihe carbon-monoxide content of the 
adsorption bed was divided into ninetee reduced by atalytically converting 
rate containers ‘ 1 weighing about 7 350 


empty. Section 


dioxide 
inalyse! 
prov des 
sel point alues 


An auxiliary 


c 


vided as an emerg 


ency ind gency FOTAL PRESSURI ONTROL SYSTEM 


repairs are required | 


Ihe total pre ire mntrol miis shown 


g. 6. A wate 


of evacuating the cal t i ‘aquivalent 


or if additional absorbir 


capable 


during experimental high-level carbon dioxide altitude 
test conditions. This system has about the same _ of 28,000 ft in 3 


- dgecreases 
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380 


in pressure. A smaller total pressure trim vacuum 
pump is used during most of the control regime 


The total pressure transducer signal is amplified 


and operates phase-sensitive relays to energize 
solenoid nitrogen to 
vacuum pump 


abin 


ELECTROSTATIC AIR CLEANER 


tailored lor 


An electrostatic air ¢ 
this applicat 


Fig. 7 t that the electrostatic filter 


smoke pal ticles 


accompli 
condition 


particulat 


Fig. 7. Electrostatic air 


INTERNAL EXTERNAL 


Fig. 6. Total pressure control system block diagram 
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(2) The filter tobacco smoke, which 


roughly encompasses a particulate size range 
from 0-002 to 1-0 (see Fig. 8). We feel 


feature of permitting tobacco smoking during a 


removes 
this 


30-day test will prevent psychophysiological 
bias of test results on tobacco-deprived pilots 
This should expand the field of potential pilots 
(3) Removal of particulate matter from the ait 
stream will prevent clogging of the activated 
filters. Aur 


activated 


carbon line experimentation with 


carbon beds for odor removal has 


shown rapid clogging of the carbon beds due to 
filters in 


the inefficiency of the mechanical 


removing particles from the air strean 


rTEMPERATURI 
CONTROI 


AND HUMIDITY 
SYSTEMS 


The 


and humidity control systems leads to discussion 


close interrelation of the temperature 


of their configuration together. Psychrometric 


charts for the normal and maximum equivalent 


altitude operating points (18,000 and 28,500 


respectively) were computed for the gas co 


Stituencies to be used 


Early in the analysis of systen 


the humidity 


it was determined that the dominant 


process 1S 
the increase in relative humidity due to the latent 
heat load from the occupants. To increase the 
relative humidity from 40 to 60 per cent about 760 
grains of moisture are required. Two pil 


add moisture at a rate of about 2000 


~ 


which would require about 


total 


3 min to span the 


desired range of adjustment. Elimination 


of the need for adding water as steam or spray 


simplified the control system. There are, there- 
fore, only two independent variables for con- 
trolling the cabin temperature and humidity 
heater input and cooling coil brine temperature 
It is that 


to 40°F) system to 


noted at this point heat transfer is 


through a chilled brine (15 
prevent possible toxic refrigerant gas leakage 
into the cabin 

In sizing the circulation blower, cooling coil 
commensurate with desirable draft 


and heater 


levels and duct size, it was apparent early in the 


analysis that we did not have enough room to 
completely contain the temperature and humidity 


systems inthecabin. Since another requirement 


IN A SPACE 
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of the program was to provide a sound insulated 
room around the cabin to prevent extraneous 
diverting sounds, a dual function was conceived 
whereby the walls of the cabin carried the steady- 


state heat load (see Fig. 9). Sizing the cabin 


equipment then required only capacity for 


minor transients 


‘ 


The heat load of the cabin is distributed s 


that the console instrument heat load is handled 
by a separate thermostatically controlled cooling 


coil, the waste processing equipment its 


separate heating and cooling control system in 


an insulated box, the steady-state coil and 


heater in the insulated room surrounding the 


cabin, and the cabin transients due to change in 


set point, cooking or other load changes are 


carried by the dehumidifying and cooling coil 


and heaters in the main circulation § vertica 
duct 
The temperature control system is dominant 


Normal 


control 


over the humidity yntrol operatior 


will find the humidity operating the 


cooling coil and the temperature control opera- 


ting the heaters. If the cabin temperature 


h 


increases, the temperature control reduces the 


heater input to the cabin. This continues until 


the heat is completely shut down. If the tem- 
continues to and the 


2°] the 


perature increase 


reaches, say no-heat limit switch wil 


transfer authority over the cooling coil from the 
control system to the 


humidity temperature 


control system. During this operating regime 


When the 


temperature error is removed, the first tempera- 


the humidity is not controlled 


ture decrease requiring heat addition switches 
the cooling coil operation back to the humidity 
control system 

[here are three other override functions in the 
temperature and humidity control systems. One 
relay reduces the heater setting if incoming at 
exceeds a temperature of 85°F, and a second 
relay increases the heater setting if incoming alr 
drops below about 55°F. The third override is 
thermostatic control of the brine temperature in 
the dehumidifying coil to 31°F for prevention of 
coil icing 

The set point for temperature control of the 


insulated room, which surrounds the cabin, 1s 
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maintained approximately 5° below that of the long! These were the sanitation problems that 

cabin to carry the steady-state heat load of the were solved in the design and construction of 

cabin through its shell. The Honeywell home _ the space cabin simulator 

conditioning Modulflo principle is applied in [he sanitation system for the space cabin 

this situation except in reverse. This is one of the simulator, shown in Fig. 3 (lower left) 1s com- 

few instances where > Cal iu le Outside pacted into approximately 30 in. of floor 
space an in. below flo evel. All organic 


fingernail 


5 OF | MICRON Ane 
mot! COmmon 


Veny Flow OVER 4 MICRONS 


sulated 


portiona 


VIRUSES 


S020 PROO 


TOBACCO, COAL AND OIL SMOKE 


staining power of the various sized particies 





scTaps are 
All waste 


air condi- 


ne and the 
which 


other dis- 


rocessed to supply pure 
yf interest u al r washing and drinking. This water 


this program, let us look at a _ hypothetical uld pass any health purity test other than 
situation: you are cooped up in your house fo! ological 

30 days. No outside contact can be made, your look at these systems in more detail 
children cannot carry out the trash accumulation 


the garbage disposal is indisposed, your water Organic Waste Disposal System 


is literally cut off, and the septic system is stopped [he original concept for disposing of organic 


up completely. Ugh! Don’t think about it too waste was to complete combustion within a 
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calorimetric type bomb or pressure vessel con- 
taining an excess of oxygen in the form of a 
chlorate candle or perchlorate of some form 
This approach was abandoned quite early due 
to several problems such as the nuisance of 
mandatory dehydration before combustion to 
prevent excessive pressures, metal vessel pitting 
and handling problems with oxidizing chemicals 

re 


4 FEEDBACK } 


_———— 


io 


BRINE 
TEMPERAT 


OECREAS NO 
, 


ABIN 
TEMPERAT 
EN 


| TEMPERAT 
SENSOR 


_——— 


The actual solution to this problem evolved 
De- 


and 


naturally in the development program 


hydration was already found necessary, 


what better way to handle gasses from this 


process than with a high-temperature after- 


burner. A natural treatment to cool afterburner 
gasses and remove water is with a brine-cooled 
water scrubber. After the dehydration period, 


the burner chamber is raised to combustion 


temperature and a flow of cabin air pumped 


N 
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Fig. 9. Temperature and humidity contro 
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through the system to provide an excess of 


oxygen for complete combustion. The entire 


cycle is automatically time-sequenced 


Water Processing System 
The complex chemical composition of urine 


led to its use as the sole criteria of success In 


achieving usable water from waste fiuid resulting 


system Dic 


from cabin operation. The initial goal was to 


obtain water suitable for purposes other than 


drinking, for example, washing. This goal was 


exceeded by obtaining potable water. Tests have 
been successfully completed with all fluid waste 
products likely to be generated during cabin 
operation 

Referring to Fig. 10, the lavatory waste water 
and urine are collected in a cooled pretreatment 


storage tank. After treatment with sulphuric 
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acid and anti-foam agent, it is gravity fed into 
the filter 
tank 
filter 


tank by elevating the pretreatment 


The filter tank incorporates a mechanical 


and is the reservoir that maintains the 
desired fluid level in the boiler through action 
float 


shuts off the boiler heating elements if the liquid 


ot a valve. A thermistor level indicator 


level drops too low. Vapor leaving the boiler ts 


superheated for flash sterilization before it 


enters the condenser. The condensate receiver 
level OvVeT- 


Manual 


elevation of the prefreezer storage tank charges 


tank also incorporates a thermistor 


ride to de-energize the boiler heaters 


the ice-maker Ihe double-jacketed brine 


chilled ice maker contains a paddle, which is 


slowly rotated by a small motor during the 


W hen the 


builds up to the desired thickness, the increased 


freezing process hollow ice cylinder 


torque on the paddle operates a clutch dev 
and actuates a 
turns off the motor and 
tion of ice completion 
placed in the top of the 
melts, it drips throug! 
carbon 
Periodic draining 

prevent concentration o 
ing’ over into the c 
factor 1s visual inspection of the 
hard and clear, it will 


order < 30-50 part 


when flushed and 
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modify these tec nniques 
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in excess of the acceptable amounts, the ice will 
be porous like a popsicle and it acts as a sponge 
water 


to soak up with high concentration of 


impurities. This “popsicle” ice alone is satis- 
factory if centrifuged 

The work accomplished on this space cabin 
simulator sanitation facility has certainly satis- 
fied the physiological and psychological re- 
quirements for this research vehicle, but certainly 
other requirements of a system for an operating 
space vehicle such as high to zero gravity opera- 
tion and lightweight construction must soon be 
subject of a future 


achieved. The paper 


well be a zero-gravity on plant 


CONCLUSION 
The Space cabdDin simulatol! described in th 


aper 1s but one of se steps in the challeng- 


ing process of n space. In addition 
to valuable 
phy siological 


simulator program 


and control tec 


Continued dev 


| ‘ 
elopme 


; 


vehicles 
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PACKAGE EXPERIMENTS FOR BIOASTRONAUTICS 
RESEARCH 


LALREL VAN DER WAI 


Abstract 


lL. INTRODUCTION 


Hown 

s achies 
rmance goal 

oad capability 
adequate | accom- 
proposed experiments 
be based on relative im- 
> of the anticipated results as well 
is compatibility of the experiment with 
he vehicle mission. All of the experiments 


aboard the Pioneer flights were of this 
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class. It is probable that a recently being tested, thus appreciably reducing the time 
announced Russian animal flight (and by and cost of development of advanced manned 
nference all of the others) was in this space systems 
category, since it was announced that 


In the past, there has been an understandable 
dogs and a rabbit were carried on a t reluctance of missile engineers to become in- 
flight of a new single-stage rocket “much volved biological research. Their objections 
more powerful than any yet tested by the — have included the following 


This experiment 


let 1 tr 
ments: These experiments retract Iron 


constitute late additions to the vehicle g an elective weapon system 


system, replacing ballast, for example doctor 
jounted in one of the jettisoned and physiol gists: let them d¢ 


y require unpredictable and temperamental 
no place in an engineering systen 


o obtain 
n 4 if) objections 
example of of e ‘riment v ni 
: t at it 1S Standard practice in missii 
Project MI \ nmwhonich mice wel rr ; | 


Hitt We WEIL Let PItu , 
levelopment t 


( 


est components of advanced 


n Thor—Able nose cones (Fig. 1). Heart- 


; systems as non-operational elements of the pay- 
beat signals were transmitted over an . 

oad in current flight tests (e.g., open-loop tests 
unused segment of a commutated reference ; 

of advanced guidance and propellant utilization 
channel in the vehicle telemetry system 


subsystems have been incorporated in develop- 


| t 


As manned space systems become closer to 


ment flights of current ballistic weapon systems) 
reality, test vehicles having bioastronautics re- that follow-on weapon systems to current 
search as prime objective will be made available, ICBM’s will very probably be manned, and 
as in the case of Project Mercury. It is the consequently operational life-support compon- 
purpose of this paper to demonstrate the contri- ents must be made available in the near future 
butions which may be made by including bio- _ that the life-science specialists can develop, and 
astronautics package experiments as “secondary” are developing, these components but need 


or “hitchhike” experiments on vehicles now’ engineering assistance to produce operational 
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the package experiment, and that 
re-experiment results from various vehicle 
some central agency 

Furthermore 

sistency in evaluating 

results, Dut caretu 


tt aad 


incance 


AREAS OF BIOASTRONAL TICS 
RESEARCH 


eriormance 

equipment 

Subsystems 

temperature- 

recovery and 

comple t be thor- 
out | ne space environ- 


man | ‘rmitted to risk his 


Experiments to obtain data to aid in 


formulation of predictions of man’s 
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physiological response to the environment 


of space. As in other areas of medical 


research much information on the re- 


sponses of man may be obtained through 


experimental studies using lower-ordet 


animals. In general. the value of the data 


increases with the test-animal’s biological 


similarity to man: thus monkeys are 


‘better™ mice. However, there 


number problem areas, such 


study of genetic effects, where smi 


animals having short generation periods 


are most suitable 


At the present time 
work 


necessity 


of the experimental 
related to man’s survival in space has of 
been conducted in simulated environ- 


ments. These ground-laboratory experiments 
have supplied answers to many questions, and 
even more important, they have served to define 


the problems yet to be solved. It must also be 


noted that many generally accepted “answers” 
are still unconfirmed, since the simulated space 
environment used in generating these solutions 
was based on speculation rather than definite 
knowledge. This aura of doubt and uncertainty 
must be dispelled before man ts sent off into 
space; much of it can be removed by information 
obtained in a 


well-integrated program of 


package experimentation, with minimum ex- 


penditures of time and money 
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Ill. VEHICLE CHARACTERISTICS 
Since package experiments cannot be genuinely 


“non-interfering’, it is important that the 


vehicle selected to carry the experiment be care- 


fully chosen to produce optimum results in 


return for the effort expended It is safe to say 


that all moderate- and high-performance rocket- 


‘ 


powered vehicles can be used as carriers fe 


bioastronautics experiments which will yield 


For 


critical need for data on radiation encountered 


significant results example, there is a 


at altitudes traversed by most of our current 


development rockets. Also, during the ballistic 


portion of their trajectories, almost all rockets 


experience periods of weightlessness much 


longer than any which have yet been produced 
on Earth or in conventional aircraft flown along 
a parabolic arc. Experiments to investigate the 


effect of weightlessness on the operational 


characteristics of equipment developed on 


Earth, as well as the physiological responses of 
living subjects, can be performed on almost all 
rocket flights 


stabilization ts used, it is not possible to perform 


However, on flights where spin 


experiments which are dependent on weightless- 
ness for effective results, since the vehicle’s center 
of gravity follows a ballistic trajectory (and may 
be said to be “weightless”) but an artificial 


gravitational field is created in all directions per- 


pendicular to the spin axis by the centrifugal effect 
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Similarly, there is a need for development of 
definition 


recovery system and for 


ironmental conditions associated with 


a satellite orbit some advances 


7 . ¥ 
iS using 


classes 0 


bioastronaut Ls 


EXPERIMENTS 


specific examples 


IV. SPECIFIC PACKAGI 


now consider some 


t incorporated 


space 


researel 


4. Environmental Factors 
|. Radiation 
This 


minimum 


Pac Ade 


experiment is an excellent example of 


interference with primary mission 


VAN 


DER WAI 


objectives and of the quality and importance of 


data which may be obtained. This experiment 


originally proposed by Dr. John Lindner of the 


Space Technology Laboratories, Inc., has been 


flown on six to date, significant results 


being obtained from the two flights for which 


¥ was effected 
| ’ 3 


were used: one ts I ¢ in 1, in : in 


shown in two types of radiation 


weighing 1-4 oz, the other even smallet 
The one on the left is identical with the pack 


incorporated in radiation badges 
military personnel: this particular unit | 


sealed against moisture. This type of pack con 


radiation-sensitive films. Two of the 


tains three 
films are sensitive to different levels of beta and 

radiation fron 
to 1000 f 


The 


covering the range 


with an accuracy of 5-10 pet 


cent third film is sensitive to neutron 


impact 

The pack shown on the right in Fig. 3 was 
developed at the Lawrence Radiation Laboratory 
California. The case encloses a 


at Livermore, 


stack of ten nuclear emulsion plates. The trace 


left by a charged particle in penetrating these 


plates is sufficient not only to permit identifica- 


tion of the cosmic particle but to allow 
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determination of its energy level as well From 


data recorded in the initial recovered sample of 


this experimental pack, the first positive identi 


fication of particles in the Van Allen radiation 


belt was made. Further valuable information ts 


anticipated when the second recovered pack ts 
fully analysed 


Since the nature and intensity of 


COSMIC 


radiation vary not only as a function of time 


but also as functions of latitude and altitude 


the need for large numbers of flights to obtain 
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cone afterbody valuable results could be 


obtained at altitudes as low as 150 nautical miles 
cosmic ray surveys at these relatively low 
altitudes are of special interest since this is the 
region which will be traversed by early manned 
satellites 

Other improvements on the current package 
might include an indexing element, so that a 
sequence of packages could be exposed to the 
ambient radiation. Results could then be identi- 


fied with specific areas of space, as determined 


Fig. 4. Mounting of radiation packs in payload 


fairly comprehensive data ts evident. Fortunately 
Ihe 


each. o1 


this can be accomplished quite readily 


film-badge packages cost only 31.50 


$1.00 per flight if recovered for re-use. They can 


be mounted easily, as shown in Fig. 4, without 


interfering with the location of other components 
of the vehicle 


Packages mounted as shown are suitable for 


use only on flights which go above 400 nautical 


miles altitude, into the regions of high-energy 


radiation (Fig. 5). It is only in such regions that 


impacts can be anticipated which exceed 


energy the known attenuation caused by the 


shielding effect of the nose-cone shell. If a thin 


window were provided, perhaps on the 


1Ose- 


by correlation of the trajectory elements with 


the 


the 


time of exposure. By the present technique 


test results are obtained by comparison 


of the radiation accumulated during the 


entire flight with radiation 


recorded on an 
identical control 


Additiona 


package exposed on Earth 


refinements, which will lead to mucl 


more sophisticated results, can be incorporated 


with very small the required weight 


and volume allowances. These improvements 


add complications, however, and are in no way 


a necessary condition for obtaining valuable 


results in future flights 


These radiation packs can be flown, with 


significant results, on all missions which go 
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mosphere therefore ‘ntity and, where 
protect against tne 


idle atm 
sse Vehicle induced 


tal parameters 
in engineering 


nr rice 
PPPALCLICK’ 








equency 


I living 


sampling 


and 


acceleration 


e obtained on a single 


{ 
Analysis of 
continuous 


the vibration 


a record of 
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that parameter. Thus, two channels of data are 
generated in the proposed instrument package 


The 


analysis in one of two ways 


accumulated data can be returned for 


If the missile nose 
cone 1s to be recovered, a small recorder can be 


added to the package. The values shown for the 


DU 


DULL 


j 





BIOASTRONAIL 


TICS RESEARCH 


flown to advantage on all missions using pro- 
pulsion systems which may constitute stages of 


future manned systems. and on any mission 


having a re-entry trajectory similar to that which 


will be used on manned flights. For example 


these data should be obtained for the Atlas and 
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package correspond to the 


the odel M501 


recorder! specifica 


tions of Lockheed n airborne 


magnetic recorder 


Ihe second technique for obtaining the data 


is, Of course, through telemetry, which must be 


used if the nose cone 1s not to be recovered. If 


sufficient channels are available on the vehicle's 
system. no additional weight need be 


the 


telemetry 


charged to basic instrument package fo! 


data handling. Alternatively, a separate two- 
channel telemetry transmitter, with power supply 
for 24 hr 
3 Ib 


disadvantage of telemetry 


about 
One 


operation, may be added for 


and 100 1n® additional allowances 


as compared with 


recovery of a multi-channel recorder, is that 


data cannot be transmitted from the vehicle to 
ground receivers during a particularly interesting 


portion of the re-entry trajectory, when atmo- 


spheric friction causes ionization of the air-layet 


adjacent to the nose-cone surface 


The proposed instrument package can be 


mmediate future and on 


Titan in 


satellite or re-entry test vehicle having 


tively low-angle ow-deceleration 


trajectory 


B. Equipment Components 
| Esc ape Detection 


An area of major concern in the development of 


Sivelenm 


manned space systems is the problem of assuring 
prompt separation of the manned compartment in 
the event of malfunction of the launching vehicle 
\ principal difficulty is to detect a failure (in 
any one of hundreds of thousands of component 


parts) which would require aborting the mission 


* Since the ascent and re-entry portions of the flight 


are of primary interest in evaluation of the vehicle 


induced environment, it may be desirable to inactivate 


this package experiment during the orbiting phase of 


satellite flights in order to conserve recorder tape and/or 


power. This may be done by connecting the package to 
some suitable switching function in the vehicle system if 


it is not feasible to provide a separate signal element 
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probabdly no 


uling 


package 
al signal 
result of 
no actual 
firing squib 1s 


the unit is very simple 


readily incorporated into 


On successful flights, the unit will not operate 
those for which 


on partially successful flights 
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malfunction would require 


escape if the vehicle were manned 
simulating signal ‘ar on incon 


' i but t 


reco;Tra 


many Way 


Ihe inforn 





dgete 


piete a 


enougn 


passengel 
guments to support all these suggeste 
possibilities for the behavior of liquid—gas 
which must be considered in 
mixtures; indeed any « 


ior eaci 
under various environmenta conditior s and lor 


of the anticipated launching systems ’ : 
various fluid properties. Unfortunately, the 


problem is not limited to methods of handling 


he extreme values of trajector 
parameter 
yr all of these may occur 


designing an escape mechanism 


It is certainly an anomaly in missile develop- 


liquid nourishment which might be supplied to 


ment to propose an experiment which will give 
this the astronaut 


are critical factors in the design of liquid-oxygen 


useful data only if the flight is a failure. In Liquid—gas interface problems 


case, however, such a negative approach 
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converters (to supply breathable oxygen), water however, it would be advisable to define it more 


separators or condensers in temperature-control 


completely than has been possible in the past 


waste-disposal syst 


tems and closed-cycle For example, how is the static behavior of 


on svstems 


affected by suc factors as 


7 / ’ 


tension of the liquid 


and composition 
] 


pressure 


riorming 


Thermo 
in the cube to give interna! 


ons. Three sides of the cube 
lite non-reflecting paper. By 
uitably oriented prism complexes 


cle would have the other three mutually perpendicular 

the humar passengel some al aligned before a camera These three 
thing like the effect of sitting on a spinning piano re uniformally lighted and are marked 
stool. The alternate method, rotating only the ith grid to minimize distortion errors. The 
subsystems having liquid—gas interface problems camera will record a triple image of the liquid 
n a drum similar to an automatic washing” gas distribution pattern in three planes, at 
machine, requires excessive powe! specified time intervals. For an initial test, these 
Before attempting to solve the problem optical records might be made at 0-1-sec intervals 
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during the period 30 sec before to 30 sec after Discoverer series were approved and developed 


on a secondary-objective basis: the dog. Laika 


burnout (beginning of weightlessness), and at 
Q sec intervals thereafter was also in all probability a “payload filler 


[he equipment necessary to perform the pro- a satellite-performance test 


posed experiment is largely dependent on the Now that manned space flight seems 
flight trajectory of e carrier reality, is it wortl ile to continue flig 
payload compartmer expel ‘ntation with anim: Ss the consensus 


ventional camera and f 


data transmission 


C. Physiological Research 
| Discover Var! / 


Ihe use of package experiments and occupies 
logical research is a currently accepted concept container and life-support component 
about it | ven tnese 


j no 


in be reduced. Consider 


» only 15 lb and occupy 


In recent years, all known experimental data o1 
biological responses to the environment of small allowances c: 
space have been obtained on flights of high- the bioastronautics elements alone, this same 
rockets whose primary mission experiment could be repackaged to fit in a space 


performance 
series of sounding-rocket 


was not to investigate bioastronautics problems 
. * A possible exception 1s the 


Project MIA (Mouse-In-Able) was a hitchhike flights used by the Russians 


animal passengers 


to develop techniques for 


experiment; the animal experiments in the _ recovery of their 
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of 600 in? and would weigh only 12 Ib, in- the package experiment Bio-Flight Project 
cluding power supply and amplifiers, but with No. | of ABMA, which was the first flight of a 


telemetry transmitter or recorder requirements monkey in a Jupiter missile (and incidentally 


additional. The current Mark I test series could another hitchhike experiment), weighed 29-5 Ib 


be extended by mounting this package in any and occupied 670 in* for a 24-hr operating life 
vehicle whose flight program includes a weightless In addition to providing for physiological 
period of 15 min or more and, preferably but measurements, the proposed capsule can be 
not necessarily, some provision for recovery of modified to accommodate some very interesting 
limit to the behavioral experiments which have been de- 


umount of valuable physiological data which eloped by the Air Force School of Aviation 


the mice. There is. of course, a 


in be obtained from flight tests of “space mice Medicine urthern he proposed package 


Table Weight Breakdowr 








modate 

ponents 

omponents 

ems under actual 

conditions and under load 

hose which be 
lan subject 

value to fly a monkey capsule 

weightless periods of 30 min 


data obtained from mice. The Discover n articularly on satellite flights where 


Mark II bioastronautics capsule is designed to ‘ntial degeneration of physical condition of 


smal mate instrumented for measure- ‘rformance. as a possible result of extended 
/ 


physiological para- weightlessne may be detected. It is highly 
At the time riting, detailed inform: ‘sirable that primate tests include provisions 
tion on weight ¢ volume of the Mark II ts 


not available in the unclassified literature, but 
be made. Based V. CONCLUSIONS 


some reasonable estimates 
primarily on the data given in Ref. (4), a sum- It is common practice in missile development 


mary of weight and volume requirements for engineering to test advanced equipment com- 


a capsule containing one 6-lb monkey for a ponents on-board flights of vehicles whose per- 


10-day flight is given in Table |. In comparison formance is not affected by their presence 
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Results obtained from such minimum-inter- 


ference, minimum-modification 


experiments” 


“package 
have contributed significantly to 
our progress toward space, both by increasing 
our basic 


knowledge and by expediting the 


development programs for advanced systems 


Manned space systems are now under develop- 
ment, and the time has come to apply the 
“package experiment” technique to the field of 
research 


bioastronautics Optimum results can 


be obtained only if a consistent, integrated 


experimental program is incorporated into the 
flight-test schedule of current vehicle systems 
as opposed to the catch-as-catch-can approach 
which has yielded surprisingly significant but 
sull inadequate results in the past 
To acquaint the missile engineer with 

of experimental data which would 
and also to give some indication of 
of interference and modification wl 
introduced by including package experimen 


in the test progran 


ments has been described. It has been shown 
that much valuable data can be obtained from 
these experiments, if they can be incorporated 
in flight-test programs currently underway. It 
is hoped that this opportunity to extend the 
and 


space vehicle flight test will not be overlooked 


scope of significant results of each every 
by those responsible for planning our advance 


into space 
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Abstract— |} 
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xcept 


INTRODUCTION 


; ‘ | ' ’ | 
balloon-supported gondolas. Technol 


fields of propulsion, guidance an 


design is progressing rapidly. In the 


these technologies should reach a 


possible to place large payloads in 


ol 


be 

An 
technology required for manned flights of long 
Life 


t will 


important facet the overal 


spac Cc 


duration is life support support systems 
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's nutritional 
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with aspects 


CONC? 


maintain course, 


space 


physiological inputs required are obtained. as 


he medical specialists. With the 
Fig 


as being concerned with 


necessary, [rom 1 


held of interest as now defined | shows the 
various areas selected 
the support of human life in a hostile environ- 


ment. All of the areas shown have been subject 
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to investigation for varying lengths of time. It 
might be generalized here that, with the excep- 
tion of food supply, all are amenable to solution 


by application of known principles. In parti- 


cular, the control of the temperature and pressure 


can probably be accomplished with available 


hardware or at worst some further development 


of this hardware. The power supply problem 


is being actively investigated based on the 


conversion of solar energy into a more useful 


form, 1.e. application of the Seeberg and Peltier 


effects or thermionic converters, nuclear power 


sources, fuel cells, and extension of present day 


battery practice, to name just a fe The 


manufacture of food within a sealed cabin is a 
problem that to date defies solution. The use of 


sources has received 


Here the 


is to use man’s wastes properly prepared 


algae or other biological 


much attention concept simply 


Stated 
algae 


to feed the algae and then to harvest the 


for food. In addition, since the algae converts 


CQO, to 


seemingly 


oxygen during its growth process, a 


ideal cycle is formed It has been 


estimated that 5 | algae per day will both 


feed a man as as supply him with his 
PI 


oxygen requirement while man’s wastes will 


provide sustenance to the algae. However, in 


order to cultivate this quantity of algae a large 
volume is required in addition to light energy in 
the visible wave lengths preferably at 6500 A 
and at an intensity of about 500 f.c. Hence, it 1s 
obvious that additional work is required before 
this approach can be made to fix the weight 
volume and energy requirements of a space 
vehicle 

In addition, research has been conducted in 
the field of hydroponics and artificial photo- 
synthesis. Although hydroponic farming appears 
feasible and, in fact, may be developed to result 
in greater yields than conventional dirt farming 
it is still difficult to apply this technique to open 
flight due to the water quantities required and 
the zero-""G” environment in space. Since the 
mechanism of photosynthesis is still not com- 
pletely understood, it appears that a scientific 
breakthrough is required in order for man to 
reasonable amounts of 


produce artificially 


carbohydrate from CO, and H,O. Thus, pro- 
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ducing food in space is a problem that defies 
solution at the present time 


The air revitalization with oxygen and the 


water supply have also received considerable 


attention. However. to date. most of this work 


has been concerned with the supply of these 


materials for relatively short duration flights 


However, as the exposure time in space becomes 


larger, it appears that the required weights of 


prestored food and water increases to a point 


where it becomes a major consideration. Thus 
it becomes necessary to examine other possible 
man ith his needs for 


means of supplying 


extended periods of time 


rO LONG 
FLIGHT 


Figure 2 lists three approaches to the solution 


APPROACHES TERM 


SPACE 


of the oxygen and water supply for long tern 


space flight 











open cycle system. consists 


The first 
primarily of the prestorage the required 


quantities of food, oxygen and water based on 
the premise of planned depletion as a function 
of flight. | 


contaminants 


of time sing suitable desiccants o1 


adsorbers,. the introduced to the 


enclosed atmosphere may be controlled and by 


providing suitable containers, the urine and 


fecal matter may be stored until such time as they 
Thus 


are discarded for short flight time, the 


problem is relatively simple and may be solved 


by the application of an open cycle supply 
system 

Diametrically opposed to this is the second 
Here the 


approach: the closed cycle system 


Earth’s ecological system is simulated in such a 
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nterest here to point out that man’s 
| lb of wate! 


produces nearly 
above the qui oO! wate 


te material 
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MAN’S METABOLIC REQUIREMENTS 
Bel requirement 
side 
naterial 


vVastes 


ncludes 


the 
v¢ doubts 
e gastro- 


no bowel 


POSSIBLE SOLUTIONS 
describe an 
nan with 
auion, wate! 
he procedure 
regeneration 
order that a 
ieved. Severa 
however, early 
it the approach 


described offer the highest 
potential of success due s relative simplicity 


» 
found that about 2 Ib ol are required for the and ease of development 


oxidation process and the vields are very nea§ri 


| Ib of wate! 2 4 lb of CO and about 0-1 Ib of 


A. Atmospheric Control 


Ihe removal of odorous material from the air 


waste material 
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by use activated charcoal appears 


feasible for prolonged space flight 


' small 


B. Water 
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iteria s 
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CO,, N, p 
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v 
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il over an activ: 
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_ > I, 
necessary. Pyrolysis is 


cted ll 


process since it 1s_ bel! the organic 


impurities will be co 
The 


would eventually 


ials solid residue remaining in 


be jettisoned fron 


C. Oxygen 


Earlier, it was pointed out that the human 


body in its respiratory process exhales H,O and 


SUPPORT SYSTEM 


CO Since both O 


lif 
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ad 
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siderable in\ 
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of H.O 
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Will 


2H,O 
0-5 Ib 


As a by-product, water is formed that can 
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the total surface area required to collect the (3) All waste water will be recovered. Then 


solar energy becomes about 11 ft® other than the first day’s supply (5 Ib) n 


1 would like to point out here that we are by storage 1s required 
no means advocating solar energy as the panacea 4 
\ } 

to the power supply problem. Other sources 


may prove more desirable. The 
ovtaine 
solar energy 1s included in this system primarily 

: = ’ , 


xy vel il] be recovere ‘ indicated 


<d (about 


Gecomposition 


because it - and available for long time 
LL ni ’ - a ut . 4 HO ner 


Obviously 
be 1uSI hed 
cycle 
bette! 
showing a defini 


of flight duratior 


For tl 
assumptions 


(1) The system as proposed ts feasible 


Inc lude food 


* 
) Since the desiccants used to adsorb 


atmospheric moisture and carbon dioxide _ prestored 
are regenerated periodically, only a little Figure this 


compa! 


more than | day's supply of each ts re- son. It can be seen that after a space vehicle 


quired. Adding a pound of charcoal flight time of about 15 man-days, it is 


odor control, the total desiccant weight to convert from an open cycle a 


becomes 35 |b closed cycle life support system 


justifiable 


partially 
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AND DEVELOPMENT NEEDS 


proauce 


Here again this process has been studied ex- 


tensively and the « 


major 


importance 


| 


1. 


sign of the equipment ts of 


pe table 


; 


need 


operation where only heat 

n of solar energy 

rs 1S quite efficient 

e improvement. However, ad 

btaining electric power from solar 

ubstantial. Currently available 

generally operate at less than 

hciency and experimental studies 

indicate that perhaps no more than 20 per cent 
s available with present technology. Other 


methods of conversion do not currently offer 


comparable efficiencies. Research and develop- 


ment in the area of light weight highly efficient 
means of converting solar energy to electrical 
energy 1s needed if a vehicle is oriented in space 
in such a manner as to direct one side continually 
toward the Sun, the opposite side will become 
quite cold due to radiation to outer space 


Studies of the extent to which this type of 
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temperature differential can be utilized for 


power or be used for atmospheric purification 


might provide a solution to much of the problem 


of operating subsystems 


(g) Food 
The supplying of food in any internal environ- 


ment control system constitutes an enormous 


problem. The present as well as the advanced 


state of the art proposed here still prescribes 


Storing the proper quantities of this material 


However, a basic research area exists in the 


study of artificial photosynthesis. Equations (4) 


and (5) below 


Food {) HO ( () Wastes -E,(Energy)(4) 


Wastes H.O~—CO (Solar 


represent 


» Qo 
ecologica 


the Earth’s 
supported on a 
action Of an approxin 
a great complexit 


represents the photosy 


Equation (5) 
process of growing plants while Equation 
the means by which animals carry out 


processes and ; 1 is the reaction 


man to obtain energy for his activities 


a man’s energy requirements are about equal to 


the energy received by a square [oot of surtace 


s distance 


normal to the Sun’s rays » Earth 


the efficiency with which he can collect and 


utilize this energy with the help of present 


technology is very low. Directly or indirectly 
he must utilize the second phase of the above- 
mentioned cycle. A field of corn, for example 
utilizes on a year round basis, less than 0-10 pet 
cent of the solar energy incident upon it. Recent 
Studies using simple biological types (algae) 
have indicated the possibility of achieving an 
efficiency exceeding 10 per cent of the solar 
energy utilization 


One might solve much of the weight problem 


LIFE 


SUPPORT SYSTEM 


associated with prolonged space flight by 


utilizing a small short cycle closed ecological 
system in which all of the food requirements 
except perhaps a few of the more complex types 
certain The weight 


(e.g vitamins) are provided 


requirements of such a system would certainly 
have to be several orders of magnitude less than 
that of the system in which man is now nourished 


Basic 


along two paths aimed at solving this problem 


research is currently being conducted 


One is the biological approach which utilizes 
small short cycle plant type organisms (algae 


etc.) and has exhibited a higher utilization of 


solar energy than present food plants. In spite 


| 


of these many problems must be 


advantages 


solved before an ecological 


these organisms useable 


are Cxcessive ocessing equipment 


Loo complicated space Ci l 


application. The other approach involves accom 


plishing the same reaction 


biological 
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SELECTION OF PHYSIOLOGIC MEASUREMENTS 


FRANCIS BERCHMANS QUINN, 


Department of Surgery, | 


Throughout the clinical years of every 


physician's training one principle is virtually 


hammered into his habits of thought: the un- 


compromising necessity of direct personal 


observation of the patient. The young physician's 


eves are trained to catch the subtle yellow taint 


of early jaundice, or the slight unsteadiness of 


the gait in disseminated central nervous system 
sclerosis. His nose 1s schooled in the appreciation 
of the acetone breath of incipient diabetic coma 


the urea-like odor of kidney failure. Even before 


the stethoscope reaches the patient's chest, the 
physician hears the slight wheezing of bronchial 


obstruction, or the labored. bubbly breathing 


of cardiac failure. His touch tells him of fever 


of muscle tone and of disordered thyroid 


function 
Ihe manifold aids to diagnosis supplied by 
the biochemist and the electronics engineer have 


many diseases < their mystery and 


Medical 


yond reasonable expectations as a result of these 


shorn 


elusiveness science has advanced be- 


extensions of the doctor's eves. ears and hands 


‘ 


Nevertheless. in the estimation of 


devices remain always in the status of adjuncts 


to diagnosis 


Separate physician from his patient by 


100 miles of fast-vanishing 


atmosphere: tell 
him that the slightest decrement in his patient 
! é € igntest Gecrement in his patient s 


physiological efficiency might result in the 


destruction of a multi-million dollar vehicle 


and with it the patient himself: then charge the 


physician with the responsibility of detecting 


these changes o1 


the full 


even 
that 
and judgment the man’s life may depend. How 
What 


permit 


anticipating them, with 


realization upon his observations 


then can he reach across the miles? 


information can he gather which will 
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him accurately to judge the pilot's condition? 
How much of the payload can he justly claim as 
essential to the requirements of physiological 
monitoring for the specific mission? Finally, 
how much weight and space should be allowed 
for the instruments whose telemetered signals 


would give him retrospective insight into the 


cause of failure should the vehicle be destroyed” 
In the subsequent pages, we will investigate 


physiological measurement 


the techniques of 
which will apply to situations such as these, with 
look at 


thus obtained. In our personal view, there is good 


a critical the value of the information 


reason to suspect that the need for individual 


physiologic monitoring in space flight can be 
compared to the necessity of police surveillance 


in a society. As a social order evolves from 


infancy to maturity, the requirements for police 


activities generally diminish. As our space 


systems develop reliability and resourcefulness, 


the arguments of those who would have us 


strapped into multi-sensing harnesses, plugged 
into diagnostic computers and fed into thera- 


peutic servomechanisms may lose some force 


It may even become expedient, as an ultimate 


recourse, to combine these functions in a tightly 


looped iltiplexed, self-maintaining, munia- 


turized, feedback system employing molecular 


circuitry and existing in the somewhat exotic 


form of a living organism. In other words, we 
might have to send a doctor along 


task of 


physio- 


Having committed ourselves to the 


obtaining information regarding the 
logical condition of the man in the vehicle, we 
first 


information will be of value. Stated simply, these 


must consider the people to whom this 


people are three. The pilot is concerned, because 


this information relates directly to his chances 
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Next, the 
builder must know if the man is functioning 


of collecting his pension system 
properly within the system and just how well he 


medical monitor wants to 
health. If the 


failing, he should be in a position to know what 


is functioning. The 


know his state of inhabitant ts 


has happened, what can be done about it 


immediately, and how it can be prevented on 


the next trip. The eventual choice of instru- 


mentation will evolve as an integration of these 
three points of view, with the pilot exercising 
veto power based on discomfort and interference 
with body movements, and the system builder, 
with his weight and balance slide rule, holding 
at bay the physician who secretly would like to 
measure everything from intraocular tension to 
anal sphincter tone 


What types o formation can be obtained 


Immediately we must distinguish between 


measurements of the environment: such as CO 


humidity, etc., and observation he physio- 


logic responses of the individual himself 


configuration 


as_ electrocardiographic 


rate, ventilation rate, etc. Intuitively 


conclude that as our manned systems achiev 


size, complexity and endurance, monitoring 


the environment will supplant almost enti 


the need for close. continuous medical observa- 


tion of the individual crew member 


The first order of information ts that which 


has instantaneous alue that relating, in 


descending order of refinement, to comfort 


functional capacity, consciousness and life. The 


second order of information could be 


prognostic, that which permits detection and 


evaluation of conditions presenting as threats 


to continued successful functloning and exist- 


ence of the human component. The third order 
of information can be called retrospective; that 
which, in the event of partial or total failure of 


the system, gives opportunity to identify 
correctly the probable causes of such failure 


How That 


relating to comfort, function, consciousness and 


shall we get this information 


life is quite simple to obtain. Two-way voice 


communication together with a_ telemetered 


electrocardiographic signal will tell us what we 


need to know. The individual can advise us i 
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he is hot, hungry, nauseated, dizzy, tired or in 


pain. From his conversation we can judge 


whether he is calm, rational and perceptive, or 
irritated, impatient, obtunded, in 
Should 


electrocardiograph 


panic Oo 


delirium voice transmission cease. the 


will whether the 


signal 
organism continues to exist, and will give some 
idea of its salvage value 


Prognostic information requires more com- 


plicated data. It is secured by instrumentation 


of both man and his environment. The choice of 


instrumentation is best based upon a review 


of the altered conditions which the man can be 


expected to encounter, such as _ hypoxia 
dysbarism, fatigue, heat stress, toxic substances 
accumulations of metabolic products, accelera- 


lack 


vibration 


tion or thereof, emotional stresses, noise 


and and ionizing radiation effects 


Ihe values obtained through this sort of instru- 


mentation can be compared to established 


time-—intensity tolerance limits for man, and a 


reasonable expectancy for continued function 


and perhaps recoverability can be achieved. It 
that alterations in the 


mission profile might be dictated by 


is conceivable certain 
this 
of information 

The 
chiefly retrospective value, is not s« 


define. As 


final information, that with 


Casy LO 


solving a crime or studying an 


aircraft accident, every scrap of information has 


the potential of being the one clue which will 


unlock the mystery. Instrumentation in_ this 


category represents somewhat of a scientific 


luxury, in that the data obtained would relate 


to adverse conditions over which neither the 


occupant nor the Earth-based controller exer- 


cised any significant degree of remedial control 


Examples of this would-be data regarding 


intestinal motility or labyrinthine responses 


during prolonged weightlessness or tumbling, 


or a device to signal the occurrence of sudden 
catastrophic capsule decompression or excessive 
ionizing radiation 

As a final word of explanation in reference to 
these categories of information, let me say that 
devices or 


they apply not to instrumentation 


systems as such, but rather to the intelligence 


obtained thereby As you have doubtless 
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lapping among these onitoring flight surgeon t a distinct advan- 


clinical count 


} 
although he 
1g patient with his fingers 


rely upon objective signs with 


conditior In the 


ELECTROCARDIOGRAPHY 

strumentation applied to humans and 

uring high altitude flight, the electro- 
hi enjoyed the most universal 
Ihe electrocardiograph has also 


been extensively applied in the operating room 
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as a continuous monitoring system during gas is actually moving in and out of the patient’ 


surgical operations. In this latter situation the lungs (i.e. CO, concentrate in ambient at 


changes in heart muscle potential accompanying about 0-04 per cent wi 


ile the concentrate 
cardiac systole may be amplified by transistors gases expires 


and fed into the circuit of an ammeter and ear- 5 per cent) 


adequac Y ¢ 


} 


phone each systole is registered as al monary achieved by observ 


snaliow 


audible click and ; eflection netel Variations in the peak expiratory CO,. Respira- 


indicator. The observer is immediately aware y al ‘ither too r to 


of sudden changes ardiac le respil 
Such a cardiac mot 
In construction 
of time trom 
\ more 
monitoring 


amplified 


heart muscle 


a wide fal 
Depart ires 
room \ 

Carbon dioxide 
inspired and exp gas may monitored heat balance, and generally connote 
during surgery by measuring the amount expectancy for the nism. Body 
infrared radiation absorbed by the gas mixtu temperatures compatible with life range f1 
Ihe variations in CO, concentrations as the 4 to 42°C, while temperatures consistent wit! 
patient breathes may also be used indirectly to satisfactory human performance lie between 


ic 
observe respiratory rate and to determine that 34° and 40°(¢ 
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Sk temperature represents the combined 


ironmentali emperature SAIN 


h flow 


j 
hOOd 


Ter 
ATLCTIC 


Systolic 
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instrument has considerable 
situations in which hypoxia might 
the 
The 


and 


anesthesia or in 


such as 


xygen-breathing equipment 


worn on 


rit 


or short 


uncon 
and can 


applica- 


BLOOD PRESSURE AND PULSI 


ry 


Pulse 


lection of 
monitor 
noted that 


fley 


erent Irom 


potential. The 
s evidence that 

a column 
Al 


IS filled 


system 


nflatable cuff 


als the 


the major 


re | . ' 
> a I il obliterate 


he finger pulse 


pressure is recorded as the 


maximal cull pressure necessary for disappear- 


finger pulse. During the interval 
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between blood pressure measurements, the pulse 


monitor is used to observe pulse rate and 


rhythm. A refinement of this method, although 
not employed in the operating room, is the 
cuff 
variable pressure cuff on the monitored finger 


The 


are fed 


replacement of the arm with a small 


transduced signals from finger pulsations 


into a servomechanism which adjusts 


the finger cuff to systolic pressure. Obviously 


the servopressure regulation should not be used 


continuously as it would effectively obliterate 


blood supply to the finger 
PI 


RESPIRATORY MONITORS 
The usual method of monitoring respirations 
during previous space probes has been by means 


of a strain gauge attached to an elastic chest 


band. This arrangement records the chest motion 


associated with breathing. Thus the respi 


rate and a crude estimation of the 


respiratory motion is recorded 


realized, however, that movement o 


cage does not insure the exchange of gas 


out of the pilot’s lungs. Anesthesiologists 


well aware that a patient’s airway may 


obstructed when relaxation 


accom 


consciousness allows the tongue t 


into the pharynx. In such a situation 


respiratory movements will ensue for 


minutes, although no air enters the lungs 


therefore could die of respiratory 


from any situation a degree of uncor 


Causing 
sciousness deeper than normal sleep even though 


f 
loss of con- 


the condition responsible for the 


sciousness were not in itself lethal. Differentiating 


such a death of respiratory obstruction ft 


death caused by a situation which 


would be of importance in reconstructing 


a space tragedy If di 


early space probes an astronaut dies 


true mechanism of 
and the 
mechanism of death cannot be readily explained 
there will be a great temptation to invent a new 
such as “space shock”. It 


that 


mythical syndrome 


is interesting to note anesthetists labored 


under the mythical syndrome of “stati 1ymo- 


lympthaticus” for years. This diagnosis was 


employed to explain unexpected death on the 
that 


operating table. It is now realized deaths 


PHYSIOLOGKC 
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alleged to status thymolymphthaticus were in a 
likelihood due to the simple mechanism of the 
relaxed tongue falling back into the pharynx 
and thus choking the patient 


A monitor which employs the movement o 


gas in and out of the patient’s airway would 
provide more information than the elastic chest 
Such a 


respiratory 


band monitor would not only record 


also the 


rate. but tidal and minute 


volumes. Two gas flow monitors frequently usec 


in the operating room which might be applied 
to a pilot’s airway are the venturi flow volumeter 
Both of these 
calibrating the 


and the screen flowmete! 


meters operate Dy 
pressure aS gas passes through the meter 
flow Suc! 1] Cicrs 


' 


howevel! | 


volume incur t 
disadvantage of increasing the resistance again 


Although I 


resistance is innot dd YT ] t intervals 


which a breathe 


pilot 


could 


prove 


of time 


ELECTROENCEPHALOGRAPHY 


he electroencephalogram records the mu 


potentials emanating from the cerebral co 


Alterations in the frequency and voltage of th 


potentials are sensitive indications 


| 
) 


of electrocortical depression. In 


cortical depression progresses from the 
characteristic of wakefulness through d 


of fatigue and light physiological 


increasingly profound degrees 


ness, the frequencies of the brain wav 


and the voltage of each wave form 


increases and, as the cortex becomes 


depressed, finally decreases until 1 


electrical acuvily IS recorded 


associated vith different degrees « 


patterns 


cortical depression are characteristic enoug! 


fron 


diagnose 


them the planes of surgical anesthesia. Cortica 
anesthetic agents 


anesthesiologist can 


that an 


depression may result from 


and other noxious hypoxia, decreased 


gases 
circulation of blood to the brain, hypothermia 


or increased cerebral venous pressure. It should 


be noted, however, that although the patterns 


associated with different degrees of cortica 


depression are characteristic, there are no 
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distinguishing features which differentiate one 


depressing agent from another. Thus, if an 


markedly 


anesthesiologist depressed 


le 


observes 


electrocortical acuvily he must quickly decic 


the changes 


vhether electroencephalographic 


are caused by anesthetic overdose o1 


uner cortica 


Situation 


tiati 
entuiating 


physiological 
he , ~ 
us roused 


i‘ re 7 1] ty . r 
depression of a true brain in 


GALVANIC SKIN RESISTANCI 


ly n ’ > " > . " 7 
Galvanic skin resistance determination refers 


to the measurement of point-to-point resistance 


on the surface of the body. It is not known 


exactly what produces the skin 


resistance, nor has the specific significance of 
Nevertheless. we 


skin 


formation 


this quantity been elucidated 


believe that the galvanic resistance 


controlled by the reticular 


central nervous system, and indicates the general 


degree of arousal of the subject. Actually. two 


measurements are made: the spontaneous or 
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nonspecific skin resistance which changes as a 


result of internal or undetected stimuli, and 


resistance changes resulting from specific stimuli 


intensity, usually in the form of an 


ol spec nite 


shock It 


arousal o1 


electric has been shown that as the 


state of general alertness increases 


from drowsiness to attention to extreme excite- 
of nonspecific 


The 


to specific stimuli increase in ampli- 


panic the occurrence 


changes increases in Irequency 


State. then decrease in 


e attentive 

heightens. Environ- 
an alter the skin resistance 
s considerable variation tn 
yng individuals. Nevertheless 


pattern evolves for the in- 
*n suggested that such a 
led into an automatic 
hope of preventing 
catastrophes which 


when drivers fall asleep 


powell 


| requirements 


ay be quite small, in 
can be 


asurements 


nonito! 


© suggest that 
might rationally pro 
as a physician chooses 

Cl observation 
would be direct audio contact 


By 


judg- 


ided by two-way radio 
‘s mental attitudes 
to various situations could 


Such 


LOXIC 


ly observed factors as 


fatigue 


and mild hypoxia o1 response to noxious 


gases WouId possibly first be noticed by observ- 


ing slurred and slowed speech or abnormal 


behavior. Indeed, hypoxia has been diagnosed 
in high-altitude chambers by the subject merely 
mentioning that the chamber lights seemed to 
be dim 

Electrocardiographic monitoring is essential 


because of the very fundamental significance of 


the signal as a life indicator, as well as the 
The 


simplicity and reliability of the technique 


television cockpit scanner will yield information 
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of direct value to other scientific disciplines as 


well as to the physician. The advantage of having 


a close view of what is happening in space needs 
the environ- 


no clarification. Measurements of 


mental conditions such as cabin pressure 


temperature, humidity and gas composition, are 
in a sense indications of the health of the life- 


While 


necessity OT 


supporting systen these are essential 


beyond question, the telemetering 


all these measurements is not clear, especially 


when the human occupant could monitor these 


, 
just as weil 
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A final point should be offered in support of 


the use of standard clinical monitoring devices 


such as blood pressure level, ventilometry 


electroencephalography and oximetry The 


various physiological catastrophes to which man 
is subject manifest themselves in well-documented 


patterns of response. Although there may appear 


to be some overlap in the applications of these 


| . " rT) ; " . " 
several neasurements the relative 


point ol 


' 


onset and rate of progression of disturbances in 


these basic functions could much in 


retrospective analysis of unsuccessiu 
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KORNHAUSER 
Vehicle 


M. 


Abstract ——¢ 


vel icles 


} n 


as bee! 


mans acceleration resistance 


short-durat impact. The appro 


borrow a uctural loading-response 


valid for inanimate structures, and to co! 


the available experimental data on human 


resistance within the framework of the 


impact 


structural model. Although the human impact 


behavior appeared to conform to the model of 


structural behavior, there were far too few 


and R. W. 
Depart 
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points t results 


perm 


reasonable level of confidence. It was 


experimental data on 
short- 


on a 


human 
hicance 
nimum 


about SO ft/sec) 


uming 


lamaLz 


in the 


supported 


the peak decelera- 
at manned capsules 
ties below 

necessity 


purpose ol 


ne con- 


St subjects, co nared Will humans 


estimates of their impact resistance 


showed behavior qualitatively similar to humans 


so that the mouse impact program results could 


be expected to provide a valuable clue to the 


human 


The 


program was therefore to determine whether an 


manner in which a impact program 


should be conducted purpose of the 


impact velocity asymptote exists for mice, to 
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establish the impact resistance curve for mice at 


velocities above the asymptotic value, and to 


reach some general conclusions as to human 


impact resistance 


THE IMPACT STRENGTH OF 


A STRUCTURE 
A form of presentation of 


data, originally 


shock 


developed at the | 


Strength 
S. Naval 


Ordnance Laboratory® to describe the per- 


formance of inertia mechanisms, appears most 
suitable for portraying response to single 
acceleration-time pulses (single versus periodic 


The 


subjecting identical specimens to acceleration 


forcing functions) data is gathered by 


time pulses of variable duration and amplitude 
At eacl 


impact duration the minimum accelera 


tion level which will 


Fig. | 


affects the peak a ‘leration 


cause Gamage Its determined 


illustrates the manner in which duratior 


necessal to 


. 
. 
w™ 
- 
- 
q 
A 


(c) LONG DURATION 


RESPONSE 


Note that 


the shorter the duration of loading. the 


a given amplitude level of response 


greater 
the acceleration required for the same response 

Presentation of the data is accomplished by 
plotting the parameters JV and average accelera- 
tion of each which succeeded in 


pulse just 


damaging a specimen. The cross-hatched areas 


of Fig. | constitute the velocity change JV, 
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while average acceleration is equal to velocity 


change divided by duration. Fig. 2 shows the 


“sensitivity curve” for a mass-spring system 


subjected to half-sine pulses. In application of 


Al 


lie 
11@sS 


the sensitivity curve, if the and average 


acceleration of an input pulse below or to 


the left of the curve the specimen experiences no 
damage, the damaging pulses falling above and 


to the right of the curve 


nsitivity Curve 


input tunct 


apparently akel resp 


coupling betwee! 


lS IS done purposely, so that the sensitivity 


may be used in any application 


ime history is known 


coupling and structural response are 


already refiecte damage was 


there no 


the 


produced, and practical profit 1 


i eacn 


As long 


as one maintains the identical mounting system 


learning the details of response < 


portion of the mount-—structure system 


for identical specimens, the sensitivity curve 


should prove useful to predict damage or no- 
damage for any application which has known 
acceleration-time input characteristics 

If the specimens had undergone tests with 
triangular acceleration-time pulses, the results 
would be as shown in Fig. 3. Obviously the 


location of the vertical (or long-duration) 
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physical situation for short-duration loading 


These figures show that the low frequency speci- 
men does not respond appreciably during the 
short time in which JV is accomplished, the 
peak response occurring long after the impact 
The serves to set the mass of the specimen 

to the carriage), and the 


7 
t 


ress and 


produces s 


situation the only 


systems 
complex 
re the 


ase the 


RESPONSE OF TEST SPECIMEN TO 
SHORT - DURATION PULSE 
(A) BEFORE iMPACT 





isvl ptote 
pact considera 
single pulse wit! 
lue will not be 


acceleration Or 


t 


gurauiol 





IMPACT TOLERANCE OF MAMMALS 


RESPONSE OF TEST SPECIMEN TO 
SHORT- DURATION PULSE 
(8) JAMEDIATELY AFTER /MPACT 


RESPONSE OF TEST SPECIMEN TO 
SHORT-DURATION PULSE 
(C) RESPONSE OF TEST SPEC/MEN 





IMPACT STRENGTH OF THI 
HUMAN STRUCTURI 


experimental dala 


1an impact strength in the form of a 


. | 


tivity curve ie datum points indicated 


square or triangular symbol represent isolate 


. accidents, while the circular symbol points 
NO , 
DAMAGE only a few results of a planned experimental 
program. Unfortunately, however, correlat 
of the data as in Fig. 8 shows that the 
AVERAGE ACCELERATION e duration region (short-duration relative 


human response to impact loading) is not 
Fig. 7. Sensitivity curve for system with several modes . 


of failure touched by the sled tests“) (circular symbols) 
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and estimates of the location of the short-_ that a theoretical approach” be employed for 
adjustment of pulse shape when necessary 


‘ 


duration asymptote must be based on the 
r triangular shown. Con- In general, the short duration asymptote is 


ive square oO 
uration asymp- of greatest significance in impact situations 
s(since none  Unfortunatel) however, the short duration 


ould asymptote of Fig. 8 is based on only five datum 


points. An experimental mouse impact program 


Vas therelotr designed by General Electric’s 


Cit c 


Missile and Space Vehicle Department speci- 


produce statistical results in the short- 


to establish the 


a firm basis 


DESIGN OF THE MOUSE IMPACT 
TES! 


st setup tor impact 
left is the drop-test 
lect me ; led 
an electromagnet, guided 


which passes through the centet 


9. Drop tester and instrumentation 
other 


being ual For adequate design of the carriage. At lower left is the anvil which 


the long-duration region, it contains a strain-gage dynamometer for record- 
ing carriage deceleration, which is controlled by 


appears that more experimental data are needed 
using several pulse shapes. Pending the availa- the size and shape of the stopping devices. In 


bility of this data, however, it is recommended Fig. 9 the stopping devices are two lead cones, 
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the deformation 
buildup of 


decelerat 
somewnal rectangt 
while 


elastic 


half-sine acceleratior 


For each drop tes 
to craw! into cleat 


tubes loaded 


i 
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ie . 
WL eI 
and > Carriage l 
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heigh See Fig. 11 for typicz | 
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Fig. 11. Typical acceleration-time records 
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control ove! 
introduction 


ymplications 


EXPERIMENTAL RESULTS 


otted agal 


stopping 
ounts 0 
ie modes ol 


For 


flerent thresholds 


perhaps c exampie 


Libber has found several 


vy for rats subjected to accelerative forces 
hort duration 


Ihe definition of damage has proved simpler 


than the mice either died immedi- 


expected 


ately after the test or appeared to recover 


completely. Thus the testing procedure has been 


On a go or no-go basis in practice. As a matter 


of fact, the mice which survived one test condi- 


ul 


] LAWTON 


tion at a given mortality rate (50 per cent, for 


example) would show an even lower mortality 


laps 20 per cent) on being re-tested at 


est condition the indications 


out the 


> wW eed 


less tolerant 


' 
nherently 


preconditioning intro- 


he 


weakened or strengthened 


DEAD 


- 
z 
w 
oC 

« 
w 
a 


lations of selected animals 


lesions which can be 


\ number of 
pulmonary hemorrhages 


ave snown 


3). in some cases sufficient to cause death. 
us has not been a systematic finding. Upon 
removal from their tubes many animals showed 
convulsive behavior and slow deep respiration, 
no central nervous system lesions have been 
identified 


Rec ent 


have been obtained during free fa 


On gross or microscopic eXamination 
14) 
| and during 


y electrocardiographic records (Fig 


and after impact. No abnormalities or changes 
in heart rate have been observed during weight- 
lessness. Bradycardia is a uniform finding 
immediately following impact 

No dependence of impact tolerance on weight 
has been found. This implies that the tube size is 
not critical and that the weight of the mouse 


iS not, in itself, a significant parameter 
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CONCLUSIONS 


Although much work remains to be done 


obtaining statistical data on the mouse 


impact 


sensitivity curve in the long-duration regi 


where pulse shape assumes significance, the 


main purpose of the program has already been 
fulfilled 


mentation that one mammal. 


It is established by controlled experi 
the mouse, has an 
impact tolerance which can be described by the 
single parameter JV in the short-duration 
region. For the mouse, this may be put otherwise 
that about 30 


velocity change is dangerous, regardless of peak 


by stating more than ft/sec 


acceleration or shape of pulse 
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HUMAN ENGINEERING OR 
HUMAN 
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ROBERI 


Abstract 
space fl 
ment wit 
magnituad 
optin 
may not 


irom ce 


Qui 


Progr 


oacn 


Space 


triphasic app! Technology 
physical sciences 
the design of space 


orbiting satellites and space 


the propulsive systen 


destinations: (2) 
toward 


sciences 


quality and quar 


space, and these 
of radiation 
chemical atmospher 
approached, temp 
changes, meteor strea! 


cameras | 


to 


n planetary 


study the compo 


atmospheres and geography, a! 

(3) development of the Space Medicine 
in order to assess the above physical 
as to their posing obvious threats to ability 
ol 
vehicular system 


This 


disciplinary effort an 


man as the ultimate component space 


program has resulted in a vast inter- 


longst engineers, physical 


scientists and medical or life scientists, and it is 


reasonably certain that while knowledge of the 


space environment is_ still incomplete, no 


important barriers stand in the way of unmanned 
flights. No such definite statement can be made 
where manned flight is concerned, partly be- 
cause the requirements for human survival are 


much more severe than for instruments. and 


». 


ENGINEERING 
WHICH? 


POGRUND 


ion oO 


ne space Ul ) It > Main specific examples 


among the multitudinous tasks « he humat 


nm the hh, 1 t 
n ] ODVIOUS mm 


endation 


a hermetically sealed cabin the creation 


f a completely artificial environn For short 


ent 


trips, such as anticipated for Project Mercury 


it has been considered 


all 


dioxide by 


reas 


ible to carry along 
the oxygen, chemically absorb all carbon 
lithhum hydroxide, and use evapora- 
tive cooling, carry all water and food, and store 
or discard waste material. A mission of medium 
duration of several weeks, carrying one or more 
passengers, may include regenerative absorbers 


for carbon dioxide controls, cryogenic oxygen 
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Storage, vapor cycle cooling equipment, ashing 


or dehydrating waste and food, and regeneration 


of water from urine. An advanced type power 


vy will have to be included. A long mission 


necessitate the 


is will regenera- 
of oxygen from biologically 


Waste 


SO absor pn 


conten plated 


journeys. These are long tern 


con 


siderations, and undoubtedly. the space medica! 


program will once more reveal the inevitable 


lag bel ind technological advances of rocketry 


and the development of more exotic means of 


propulsion, but the sooner such a program is 


initiated, the shorter their lag period, whereby 


man in space will be ready to assume the re- 


sponsibility of accepting the advances in rocketry 


POGRUND 


and utilize the physical capacities of the system 


as far as his will 


physiological limitations 
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human risk factor for manned space 


t to delineate 


at the present time 


licated, the risk 1s in direct 


pro- 
ation of nission and 
engineered 
Because of 
mathe- 
becomes 
vel, that 

nt cond 
Project 
reliability 
hand, the 
yanetary 
wwledge 


human 


tested for 


C Yases and 
npounds to 


and 


lmormones 


‘ir protective 


types of mechanisms 


be injected after irradia- 
present in the body during 
radiation 


classification of 


compounds 


‘lect by lowering 


tissue « tension 1s shown in Table | 


Exce ent \ V in nav be 
ond United Nation International 
Peacefu Uses of {formu 
Experience n 


Geneva (1958) 


found in the 
publ shed volun Sec 
( onterence or 
Vol. 23 
Nations 


Energy, 
United 


> > 
Radiolog cd } rotection 
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Table |. Drugs for Increasing Tolerance to Radiation 





Action by lowering tissue oxygen tension at subtoxic dosage levels 


le Pitressin 
iiononitrile Epinephrine 
An nopropriopher (Carbon m 


itrit 


COOH 


HOO COOH 





1400 


mr if 
apVrea 


OxXVLZen aS COMPal 


for the controls 


TIME 


Fig. |. Radiobiological protective action of cysteamine in mice. Intraperitoneal injection of 3 mg cysteamine 
immediately before irradiation with various doses of X-rays. [From Bacq and Alexander('!5)] 
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4 


TIME AFTER IRRADIATION 


rotective action of g 
mice (700 r) 


mg giutathione injected 
0-1 mg NaCN injected. [From Bacq and Alexander (15) 


- 
2 mg glutathione 





HUMAN ENGINEERING 


The 


alkylguanidines 


aminoalkylisothioureas and mercapto- 
were demonstrated to be 
active than 


LD.,/30 


times 


the 


about 3 more 


cysteamine 


increasing radiation days from 


625-1300 f 


reasing Tolerance 
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afford 


through their effect on the hemopoietic system 


described a protective action primarily 


present within the bone marrow. The use of the 


term “protection” must not mislead one to 


believe that all three systems will be protected 


from the lethally damaging influence of ionizing 


Radiation 








Exposure of the total body to penetrating 


radiation kills animals by at least one of three 


general mechanisms 


injury to the bone marrow, 
to the gastro-intestinal tract or to the central 
nervous system, ‘”) as shown in Fig. 4. It is well 


to stress the point that the various compounds 


be defined in terms of 
LD... The 
thus be shifted to 


days, may 
1200 1 


an LD,,/30 


withstanding for the same 


curve, shown in Fig. 4, may 


include such protective action within the 


necessary boundaries of survival. Consequently, 
would 


a radiation dosage that normally be 
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s effect on the intestines, might now 


ynger time. under the influence 


se Would 


the p viously described protec 


agents nor the bone marro are 


capable of permitting recuperation due to the 


severe intestinal damage, survival might still be 


prolonged by replacement of fluid and electro- 


lytes.**) No agent or procedure been 


found to counteract the irreversible damage to 


the central nervous system resulting from 


exposure to very dosage of radiation 


Although 


reduce the lethal effects of radiation in newborn 


high 


hypothermia has been known to 


rats and mice, ** it is not certain that “deep- 


POGRUND 


freeze’ hypothermia can entirely prevent the 


tissue damage imposed by high radiation levels 


results on such an approach await 


( onclusi' Cc 


long duration freezing and 


a technique 


thawing Tfollov ] , iormal ‘storation ofl 





poimt of 
he drug 
tion by 


for 


dy 
wwering 


property lrug ; rently exerts a central 


ction tn a nisne he reflex impulses to the 


skeletal muscles in the same way as does any 


form of anaesthesia. This reflex blocking 


deep 
produces a lowered body temperature, since the 


skeletal muscles are a primary source of heat 


production, mediated by the hypothalmic centers 


Thiouracil and Methimazole are compounds 


that are specific in lowering basal metabolic 


rates. should such needs arise as on extended 


space voyages where biological or chemical 


systems for generating oxygen might have be- 


come unreliable or malfunctioning. Glutathione 


is known to provide for greater resistance to 
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stress through enhancement of hydrocortisone 
The 


as 


activity on carbohydrate metabolism 


addition of cortisone to compounds, such 
hexamethonium increases 


of 


chlorpromazine ot 


resistance to cold. as would the ingestion 


glucose. Dibenamine is an adrenolyti 


more homeostatic balanc 


maintains a 


precapillary ang capillary vascuial 


| 
stress. I 


exposure to 


as thos 


en 
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D. Drugs Excretor) 


Table 5 indicates the drugs that 


{flecting the 


considered for use 1 


malfunction or of problems concerning 


tion. Sucl might be indicatec 


usage 
exposure ved subgravi 


wherein 


arise 





> 
Prednisone 


Amino acids ! 





might arise during the subgravity state and/ot 
during exposure of the astronaut to low cycle 


vibrations or during spinning and tumbling, 


where disorientation, nausea, nystagamus Oo! 


the oculogravid illusion may be evident as 


psychophysiological stresses 


fluid retention. Drugs, 


certain amino acid mixtures, could 


requirement 


Svstems 


night 


mictul 


i 


ty 


ul 


1) 


_ 


meet 


1 the presence of digest 


Iring 


ta 


E. Drugs Affecting the Cardiovascular System 


The dynamics of space flight necessarily will 


de 


c 


a. 


such as prednisone and 


this 
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affect the activity of the heart and peripheral 


blood circulation. Homeostatic balances of 
heart rate as influenced by blood pressure and 
states of vasomotion are based on the terrestrial 


| g. In 


not restored in due time from the 


level of the event that homeostatic 


balances are 


deleterious effects of acceleration, weightlessness 


or deceleration, then pharmacologic aids may 


again be indicated. Acceleration is expected to 


produce a higl | of tachycardia in the space 


ynaut. As shown in Table 6, carbachol may 


Table 6. Use of Drugs for Cardiovascular 


Problems 








Iministration 
lerating th 


rile . 
while acceic 


iregy inne 
Adrenaline, Dy way oO 


f n 


and force of contraction 


its property of decreasing capillary premeability 


could also be used where circulatory sta nay 
result in the f{ 


mation of petechial hemorrhages 


Ephedrine has a similar action as adrenaline 


but at a less intense level of response 
Drugs {flect ng Ps Wi hophy siologik 

Control 

flight ol 


psychological stresses imposed upon the human 


Space long duration will have 


occupant as a result of isolation or possible 


other forms of sensory deprivations. Either 
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tranquilizers or stimulants, depending on the 


circumstances, may be used to advantage to 
either minimize such psychological disturbances, 
or else render the astronaut to a higher peak of 
alertness or performance during an otherwise 
Table 7 lists the 


The 


most important tranquilizers are reserpine and 


fatiguing phase of the mission 

drugs that may be useful in these regards 
chlorpromazine 

Reserpine 

I the Rauwolfia alkaloids 


is considered to be one of the most 


with respect 


; for Psychophysiological Control 
r & 








and 
bradycardia 
ne vasomot.ol 
lecreased peripheral 


In common with other drugs 


Ip, reserpine suppresses sympathetic 


he hypothalamic level 


azine § unique pharmacologic 


action through a inhibition of 


preferential 


parts of the central nervous system which 


those 


control vomiting, heat regulation, wakefulness, 


vasomotor tone muscle tone and secretory 


activity of the anterior pituitary. This inhibition 
of subcortical centers, the reticular system, the 
thalamus and the hypothalamus of the brain, 
without significant action on the cortex, renders 
the drug especially useful in alleviation of 
from 


the 


anxiety tension, agitation, vomiting 


irradiation or motion sickness, and for 


induction of hypothermia 


Examples of other tranquilizers include 
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meprobamate, perphenazine, hydroxzine and 


Table 
may be 


ectylurea also lists a few of the stimu- 
that 


methylamphetamine and drugs that affect the 


lants used. Amphetamine and 


central nervous system and remove fatigue, 


while producing a feeling of greater energy. 
alertness and wakefulness. Caffeine produces a 
similar response and also stimulates the respira- 
center. Metrazol have some use In 


tory may 


improving the peripheral circulation through 


stimulation of the vasomotor centers of the 
brain 

Ihe possible use of drugs as a protection from 
psychological stresses could become an import- 
functional 


man’s integrity 


The 
importance of the problem has been succinctly 
Hauty, 


ducted on subjects performing complex mental 


ant component lor 


during very extended space missions 


Stated by wherein tests were con- 


tasks for 30 consecutive hours. He observed 


“following 12-15 hr of work and continuing up 


to the end of the 30 hr work period all subjects 


surprisingly enough, reported having experienced 
those mentioned in 


HiUSIONS 


disturbances similar to 


another study. Their hallucinations and 


ranged from simple and poorly defined pheno- 


mena such as, ‘the instrument panel melting and 


dripping to the floor’ to well-organized aberra- 


such as ‘on several occasions the bank 


tions 


indicator showed a hippopotamus smiling at 
Needless to say 


quite an 


these disturbances exerted 


One 


me’ 


adverse effect upon proficiency 


deal ol 


k ept 


subject, in fact, had to spend a good 


time brushing away the little men tha 


swinging on, and thereby obscuring, the ai 


speed indicator.’ Hauty further commented on 


the 7-day simulated space flight study as foll 


OWS 


“It is significant that during the latter stages of 


the flight it was the subject’s hostility which 
matter of concern to the 


In fact, it 


became a increasing 


investigators reached the point of 
becoming the single conceivable reason for a 


premature termination of the flight.” 


Il. Hypothermia 

Hypothermia designates a state in which an 
organism is at a lower temperature than in the 
Homeotherms maintain 


normothermic state. 
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normothermia through sensitive temperature 
regulation mechanisms present in the central 
and autonomic nervous systems, and _ this 
temperature is set at a relatively high level. A 
less apparent normothermia, in which the tem- 
perature is set and regulated at a low level, is 
the winter sleep of the hibernating animal, such 
as the bear. The extreme form of hypothermia 
is the deep frozen state. There can be no doubt 


about the interest and importance of the 
scientific aspects of this problem, but space does 
not allow a discussion of the various methods 
for inducing the hypothermic state at these vari- 
nor can the degree of success be 
But that 


medicine has 


OUS lev els 


discussed suffice it to say clinical 


now utilized the technique with 


remarkable success in cardiac and brain surgery 


ir 


while, also, many clinical cases of accidentally 


hypothermia have been re- 
with normal survival in some cases 
val with amputation of limbs in other 


The William Korpi 


ged 54, found unconscious | he frozen state 


recent case ol 


of Drummond’s Island in L Huron during 


sub-zero temperature, is one of the most unique 


because an apparent high level of alcohol 


Cases 


his blood stream was the agent responsible 


val. Glycerol“ has also been found 


ve during cooling of animals, while 


mixture of atropine sulfate 


phenobarbital, isocaine, phenergan and tubo- 


curarine, is protective. By such use of chemical 


agents and the technique of extracorporeal 


j of hody 


the reduction 


28 °¢ 


circulation tempera- 


ture to only already reduces oxygen con- 
sumption to one-half of that occurring at 37 ¢ 
At 13°¢ 


which can be counteracted by potassium citrate 


spontaneous cardiac arrest occurs 


team at Duke 


i] 


methods, a surgical 
School of 
reduce the temperature of a surgica 
yo 


followed by complete survival 


By such 


University Medicine was able to 
patient to 
with a minimal oxygen consumption, 
Because of the 
complexity of the technique, research is now in 


) on deep 


progress, especially in England, ‘* 


freezing the whole intact organism, but 


with only moderate success, since survival is 


dependent upon duration of the induced 
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Fig. 6. Effect of the duration of suspended animation in rats maintained at 0 degrees of body temperature 
on the rate of recovery. [From Andjus and Smith(42)] 
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requirements for oxygen and biological damage 


45 minimal 


from radiation would be at very 
levels during his function as merely a passenger 
Such advanced thinking would possibly shorten 
the expected lag period between technological 
development of more sophisticated methods of 
propulsion and the ability of the human com- 


ponent to be contained as a passenger 


Ill. Adaptation to Stress 

4 common property of 
responsiveness to the environment 
interaction is an old but very 


nartant 
PU ta 


biologists. who have considered thi 


properties 


ylaced 


Is 


t 
t 


nature 
detern 
around 


L 


Bactel 


seems 


mode ol 


adaptatior 

1 and new 
found to replace tl Ose wi 
by > di According to the metabolic the 
the cancer cell is an adaptation to new condit 


Carcinogenic 


in which substances act by 
enzyme 
These 
poison the cell which finds an alternate way ol 


Where 


adverse 


fering 


normally uses substances preferentially 


living in order to exist colonies of 


bacteria are kept in an environment 
such as in the presence of an antibiotic, a change 
can known as a which 1s 


oceur, mutation 


transmitted to its progeny, thus forming a new 
resistant strain. Sometimes mutations are bene- 
ficial to the species, other times they are dele- 
terious, as the possible mutations in man as a 
result of exposure to 1onizing radiation 
Organisms respond to environmental change 
in different ways according to the time during 
which the environmental change persists and 


according to the magnitude of the stress. The 
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adaptive variations of organisms may be 


genetically determined or they may be environ- 


mentally induced. Physiologists concerned with 


the physiology of man as an intact organism 


have paid most attention to adaptive variations 


induced by physical factors in the environment 


such as tempe re, radiation, oxygen tensions 


carbon dioxide tensions, low atmospheric pres- 


sures, and so forth. Plant physiologists have been 
| 


less concerned with environmentally induced 


Variations in individual plants but more witl 


analysis of the riatiol 


shown by str 


metabolic compound 


process oO! 
hen it si ould 


supplving 
upprlyings 


own il | 


normally only 


ing deterioration above tha 


Apparently, the high temperature 


growth by controlling some essential 


of B-vitamin 
1 


reaction, corrected by the addition 


* culture medium 


ficult to extrapolate such con- 


cepts to man’s survival in adverse environments 


such as might be encountered in space flights 


wherein man might be adapted through training, 


to possess greater tolerances and _ thereby 


minimize his metabolic requirements. Possi- 


bilities reveal themselves only by what has 


already been observed in retrospect. The ability 
of man to acclimatize to low temperature, high 
temperature and low atmospheric pressure or 
hypoxia is well known, and such adaptations 
are usually accompanied by physiological and 


biochemical changes thoroughly discussed in 


6. 47 8 


the literature These adaptations can 


be classified as those occurring in a matter of 


days, quite small by comparison with a life span 
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altitude of 


But 


Ihe acclimatization to the high 


mountain climbing is one example then 


this 1s to be compared with an adaptation in the 


classical evolutional y sense 


arge numbers of generations 


fy S200) CN) 


th? 


{AU 


imended our astronaut 


It is not recon 


ni > because tolerance 


his 


a Peruvian of 


hypoxia, but the examples are cited to show the 
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adaptability of man, which, given sufficient time, 
to 


increase his tolerance specific stresses 


be encountered during extended space 
This to 


can 


likely to 
aspect IS presented only show 
ft approach toward compromising 


be 


to 
t nship dDetween hemogiobir content. arterial 


altitude. [From Reynafarje(59)] 


ration and 
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IV. The Application of Yoga to Space Medicine areas of uncertainty as the effects on the humar 


This application is one of psychosomatic of prolonged subgravity state lasting for days 


manifestation and may be considered still as or months, potentially lends itself to resolutior 


ljrome wit! specific Dy the psycnic contro ve somatic reactions 


part of an adaptation syn 


physiological control through ce nN pal The concomitant 


the central and autonomic 


Ion denominator 


reasonad 


the 
y OY 


ships resulting acuion 


considerations toward space con 
human. It has already been reported that the ashen-grey al circulation 
Russians have borrowed six Indian Yogis a few seconds of this sensation, he could tal 
’ 


will the resumption oO norm 


ry 


help train the candidate for space travel on deep breath 
breath and muscle control. ® It is this author’s cardiac activity 
opinion that a program of experimentation 
should be initiated in order to objectively DISCUSSION AND CONCLUSIONS 


evaluate this method as an aid in the solution Methods of adjusting man’s homeostatic 


adverse 


of certain problems of human space flight. Such balances toward varying degrees of 
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esses expected space 


neler 
ape 


space ven 
ol space 
allowed to be harnessed 


iocomoting in a narrow confine of a very 
limited volume contained in a space capsule ol 


When 


months o1 


low ambient pressure this mission ts 


prolonged to one of many years 


duration, the terrestrial environment, with the 


very narrow ranges of limitation must be 


POGRUND 


‘d. and this includes the provision for 


ronauts able to periorm and loco- 


us space vOru! 


superm: 


> need the sake of sul 


to meet the human 


be considered now Io! 


future 


SUMMARY 


(1) The complexity of engineering for the 


comfort of the human as an astronaut in a space 


vehicle has been emphasized. This complexity 


has been described as a function of mission 


duration, as well as a function of operational 
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requirements and performance capabilities ex- 


pected of the human occupant 


(2) Where high levels of performance are not 


required, as during very extended space missions 


aids toward “engineering” the human have been 


Suggested toward ising 


the rigid ‘nts assigned to 


requireme 


tor le 


enginee! space capsule design 


environment 


enhanced 


stress: (ii) 
increased to 
bolic Oxidative f 
physiologica 

| 


iong term pl 


lo specific 
physiological 
practice for 
physiological 
to be under involuntary or 
for Western 
(4) 
f 


oO future 


autonon 
man 


These matter 


consider: extended 


manned space flight e balanced by present 


considerations of 
information retrieval 


The 


existing for 


lag 


ture ultimate 


manned behind the progress 


j 
) 


of space technology 
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COMPOSITION OF RADIATION TRAPPED IN THI 
GEOMAGNETIC FIELD AT ALTITUDES UP TO 
1000 KILOMETERS 


FRANCIS E. HOLLY 
Sne Weapons Ce¢ 


and 
RICHARD G. JOHNSON 


iM 


Abstract — Sc 
0 { 


INTRODUCTION nis 18 Not al 
Special Weapons nt as ICBM “parasite” vel 
nterested in measurements The AFSWC pod 


ie one 
IBUSIRIICU 


Con DOS 1 


| 
belt 


lic instrument package 
rocket Or missile as a 
used successfully in n ordet 

using ICBM develop- obstruction 
mental flights < arrie! [he disadvantages of ments) a two-point attachment must be 
such a system are obvious, one cannot select Attachment is accomplished by means of 
the launch time or the trajectory and the failure release bolts (Fig. 2). These bolts are presently 
probability is greater than with a developed piston-actuated, each piston being driven Dy 
sounding rocket system. Among the advantages pair of squibs (one is sufficient) operating fron 
is the “free ride” to altitude. Within limits all a pre-set timer. The timers are started at lift-off 
necessary weight is available; however, with the by a pull-out lanyard system. The timers whicl 
development of the more exotic sounding are at the rear of the pod are connected in 


systems such as Javelin/Journeyman and Scout parallel. The timers and lanyard system are 


411 
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KF-2132-59 


A AR ts ET 


AFSWC instrumentation package 


factured D 


under conside¢ 


lelen tr 
CiCMetry 


the power amplifie s 10 W 
quarter wave antenna attached to 


package 


Ill. HISTORICAL BACKGROUND 

Several measurements have been made in the 
region of the radiation belts first discovered by 
Van Allen which support the hypothesis 
Stormer and others that charged particles may 
be trapped in the geomagnetic field. Several 
theories have been advanced about the origin of 
these belts but, as yet, relatively little is known 


about the charge, mass and energy spectrum 


Fig. 3. AFSWC instrumentation package, bottom view of the trapped particles The measurements 
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described herein and elsewhere © seem to 


support the theory that the inner zone consists 


dominantly of electrons from beta-decay of 


“splash-albedo”’ fast and slow neutrons (end- 


782 keV) and protons with energies 
Our 


point energy 
up to several hundred MeV measurements 
Van Allien 


electron flux is at least three orders of magnitude 


and those of indicate that the 


greater than the proton flux 
IV. EXPERIMENTAI 


Three 


prepared e 


TECHNIQUI 
instrumented packages (Figs. | and 3) 


containing eight Geiger 


THE 
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In each of the packages at least one pair of 
counters were included which were identical in 
every respect (including orientation) except the 
entrance aperture Of one was In a transverse 
field 


(3) and E (2) 


magnetic These were counters A (2,3) 


B (1), ¢ 


the effective collimator axis for electrons in the 


This magnetic field turns 


energy region of interest by more than 20 


effective collimator axis for 


protons of ene! 
great enough to penetrate the absorber 1s t 


addition ti 


a negligible 
electron 


Isotropic flux is 


Fig. 4. AFSWC instrumentation package, clo 


shielded and collimated in various 


Both 


used, the 


counters 
(Fig. 4) 


counters 


ways side and end window 


were end window variety 


being collimated to half angles of nearly 6 by 
cylindrical entrance apertures. Table | shows the 
various amounts of shielding which were used 
and the associated effective electron and proton 
energy thresholds. Numbers in_ parentheses 
indicate which counters were contained in each 


of the three packages 


mission through the collimator 
sensitivity remains the same 


The velocity vectors ol trapped radiatior il 


own to De connned 


This, pl in act 


low altitudes have been s! 


predominantly to a plane 


that the instrument package rotates or tumbles 


in flight permits the use of data from such 


identical pairs of counters to distinguish be- 


tween electron and protons (or other heavy 


particles) as follows: If the z-axis is taken along 
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the transverse magnetic field, then the xy-plane that the remaining particles are protons, a 
contains the collimator axes, separated by more crude proton spectrum (for lower energies) may 


20° for electrons but coincident for protons be determined 


than 
Iwo simple cases m: e considered. First 

plane he fit . RESULTS TO DATI 

1959 and July 


. -. | | 
e carried aioita 





ere used in this package as 


pair, and during maximum pene- 


other counters, one ci ‘termine a f: 700d au if the radiation data were obtained, at 


energy spectrum for trapped electrons. Assuming various times, which closely approximated the 
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NEGREES NORTH 


tridutio! 


nis data 


radiation 
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in the 30 


icads 
penetrates 400 mg 


ant 


r.. of the A 
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Researc! 
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1 Missiles and Space 


ua 
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Fig. 6. Measured absorber spectrum (integral) 
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MEASUREMENTS OF FLUX OF SMALL 
EXTRA-TERRESTRIAL PARTICLES 


HERBERT A. COHEN 
An ( 


D 


Abstract. Mi 


‘ 


INTRODUCTION 


zp 


WIRE GRIDS 


zodiacal and 

mean spatial con 

bution for particles 

rocket measurement using a technique simila! on a bakelite form vering an area ol 


to a scintillation counter. Since that time other [he wire was put on in three layers so that 


5 
direct measurements of small particle influx and area of the card base was exposed. A 2°5-5-0 


damaging effects, have been made from satellites varnish layer was used on the top of the wires 


and rockets. Although the measured sampling If one wire of a detector was broken the detector 


area and time available is still small as compared became inoperative, with a subsequent measur- 


to that available to meteor observers, an able voltage change across a 7-5 & resistor in 


indication of the order of magnitude of the series with the detectors. The voltage change as 
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a function of the number of grids broken ts 
Table | 

If all eight detectors failed on a set and the 
to 


shown 1n 


the 
If the 


electronic circuitry continued operate 
measurable voltage was changed to 1-5 \ 
electronic circuitry failed, the voltage dropped 


to UO \ 


Table |. Voltage Output with Grid Detector 


Breaks 








y | 
¢ Aposed 


Dposl 
consisted 

connecte 
From 

grids. Between 


778-246 


proken 


voltage 


creased to | volt iron 
The 
broke 


when the vehicle We 


ave 
remained constant 
km No 


until re-entry 


vehic 


mae 
263 grids on the 


of 80-1 km all the remaining grids on the 


\ lew 


voltage increased to over 5 V due 


un- 


broken set probably broke seconds later 


the measured 


probably to fusing of resistors during re-entry 


One of the two conclusions that can be reached 


from the results of this experiment are equip- 


ment failure, or an incident micrometeoric 


shower. There were two places where a rupture 
of a single wire would cause a decrease in voltage 


the The No 


0-032 diameter 


as seen on records 20 


Teflon 


soldered to junction posts, and protected from 


Wife IS 


wire in in 


covered 


the outside environment by a bakelite strip. A 


small possibility exists that the wire became 


loose due to shock on ascent (heating Is neg- 


ligible) then fell off due to the roll of the vehicle 


\ 


COHEN 


However, acceleration when the grids broke 
was negligible and the complete unit successfully 
survived an environment test before being 
placed on the vehicle. On a similar vehicle two 
sets of grids were protected for a full flight. The 
record showed that no wires broke during the 
entire flight 

Manring 
experiments with grids on the satellites 1958a 
On 10 f 21 yu 
enamel 


al 


has described the two previous 


and 1958 the 1958 cm* ¢ 


diameter grid wire (diameter with 


insulation), was exposed for 60 days with 


most only 


one of the grids being destroyed. On 


the 1958 ll days of exposure two grids 


The ol 


alter 


were destroyed on | day transmitters 


ceased functioning within 5 days 


estrucuion the grids It was con- 


the failure of the transmitter and 


due to the passage oO satellite 


neteo! SI OWCT 


usions that can be drawn from the 


f the exposed grids are (a) normally 
influx of particles large enough to 
than 
ol 


than 


orid wires is most likely less 


sec): (b) there are periods 


rates muc greatel 


influx 


nean. with one recorded instance 


10* (mm: 


Sec } 


ne estimate of the destruct ‘ ol 


y 
ects 


licrometeors the length of time before the grids 


self valuable information 


the from the 


results 


Howeve! 


method to. other 


compare 


measuring techniques an 


estimate should be made of a common parfa- 


meter such as the minimum size. Momentum or! 


to break a Iwo types of 


At 


Aberdeen. 


energy necessal&ry wire 


velocity studies have been made: (1) 


Ballistic Research 


Maryland, shaped charge tests were made under 


high 
Laboratory 


the 


’’ From these tests 


the supervision of Gehring 
it was concluded that a wire of the grid detector 
diameter 


14 km 


Institute, 


would be broken by particles of 50 
10 and 


Researc h 


velocities between 


Stantord 


impacting al 
(2) At 


experiments were performed under the super- 


the 


seU 
vision of Kells and Keough Three groups of 
particles were shot at a velocity of 4-6 km/sec 
enamel 


ata 17 u diameter wire grid with an 8 
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coating. The 15 u diameter particles individually 


severed the wire while the 12 u and 5 u diameter 


particles individually did not sever the wires 
The preliminary conclusion drawn then is that 
in the range 4-6 km/sec the minimum particle 


size required to break a wire is approximately 


one-half the wire diameter with coating 


MICROPHONES 


4 more widely used technique for measuring 


micrometeor influx is that of placing a sensitive 


t 


wave in asensing f 


fied and transn 


itted 


crystal microphone in contact with 


some exposed surface of a rocket, or satellite 
Fig. 2. The 


designed and 


as 
used by 


by J. | 


ol a 


shown transducers 


AFCR¢ 


Bohn of Temple University 


in 
constructed 
consist single 
brush crystal of cylindrical shape and mounted 
in a machined support such that the overall 
tuned to an ultrasonic 
at 100 kc/s 
electrical pulse from the transducer is amplified 


ol 


vibration resonances are 


frequency range centered The 


through tuned stages transistor 


circuitry 
Vibrations due to particle impacts are trans- 
mitted along and through the vehicle surface 


to the crystal detector.* The signal is then con- 


*The microphone systems used by the Air Force 
Cambridge Research Center in their rocket and satellite 
measurements have been developed and constructed by 
members of the Physics Department of Temple Univer- 
sity and members of the Research Foundation of 


Oklahoma State University, under contract with AFCR(¢ 
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An 


e signal is 
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verted to an electrical pulse, amplified, and 


transmitted to a ground station 

On the Pioneer I rocket launched in 1958 a 
crystal microphone was used with a two level 
amplifier. The crysta 
ol 


isolated from the other 


microphone was pressed 


against a surface area 388 cm®* acoustically 


sections of the vehicle 


The system was calibrated by dropping or 


bouncing glass beads, ranging in diameter from 
R() 310 


to the outside sensitive surface 


4 em 


on 


from a height of By this technique it 


mpacting mi arger than 


onverted to an electrical pulse Dyan 


e telemetry 


was found that the telemetry channel coupled 


to the high gain amplifier would respond to 


impulses greater than 5 10-* g cm/sec, and 


would to 


10 


both channels respond impulses 
greater than 5 
ol 


attained a maximum altitude of 


g cm/sec. The flight time 
vehicle w 56 10° 


the sec: the vehicle 


115 10° k 


During flight some portions of the data were 


as | 


m 
iil 


lost due to poor signals the total recorded clear 


Over the total 


10° see 


10 


signal time was 1-14 


exposed area time of 4-42 m* sec, a total 


of twenty-five impacts were recorded. One of 
these impacts was indicated by both channels 
of the amplifier, the remaining twenty-four were 
indicated only by the more sensitive channel 
The average influx of particles with momentum 
10-4 


} 9 cm/sec was 5:7 


greater than 5 
10 


sec. There was one period, however, when the 


g cm/sec but less than 


5 10~-* particles/m* 
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influx was much higher than this mean; a total 


of seven impacts being recorded over a period 


of 6 minutes while the vehicle was rising through 


an altitude of approximately 109,000 km 


The microphone system, i.e. sounding plate 


microphone and amplifier, have been calibrated 


using 80-100 u diameter glass beads impacting 


at velocities between 5 cm/sec and 80 cm/sec 


} OT these low im < velocities as Was expectec 


+} ' 


. . 
is esponse ¢ 


depe ndent 


A. COHEN 


from the Sun at the Earth's distance plus the 
Sun. The 
minimum size of particles that can be measured 
the Air 


Force Cambridge Research Center are listed in 


Earth’s orbital velocity around the 


by microphone systems developed for 
Table 

Dubin“ has 
8-4 


reported an impact rate ol 


mpacts/m* sec measured by use of 


crophone on the Explorer I satellite 


183 in pacts recorded Over a 


tthe 


were 


0-23 m* 


Systen 








ry . ¢ ha ’ 
theory has t been esta 


relationship for lower 


the 


than 11 


impacts oO! greatel 
mum vel ty of micrometeor 


Earth's atmosphere. If for a 


; 


particie size. it IS assumed thal the 


for impacting particle momentun 


phone system output is the same for 
velocities aS it IS for elastic impa 


concerning 


The 


assumptions made 


particle density and velocity range « 


densities presently assumed for extra-terrestrial 


particles entering the Earth’s atmosphere ex- 


tends from 0-05 g/cm*, meteor pufiball. to 


7-9 g/cm, iron meteorite. The range of velocities 


for these particles is assumed to be between 
11-2 km/sec 


to km 


the escape velocity from the Earth 


sec, the sum of the escape velocity 


npacts ol 


10 g cm/sec 


Impact velocities 


1958. had 


edruary 


an apogee altitude 
115 min 


an impact rate ol 


neasured by a lead 


a sphere launched 


> 1 


to 2500 km altitude 


s were recorded during 


f OSI4 m*. OF these 


even occurred over a 6-sec 


reported that the response 


proportional to the kinetic 


energy of t impacting particle and not the 


momentun From measurements made with 


particles in the elastic impact range it was 


determined that the system could detect particles 


whose impacting energy was greater than 


0-36 ergs 
A very wide area of disagreement of measured 
between the rates measured on 


influx appears 


the Pioneer rocket and the Explorer satellites, 
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and the values reported by Nazarova 
Soviet 


of the 
Nazarova reported that with an 
of 840 


of 7:5 


Union 


exposed area cm* on a Satellite, an 


impact rate impacts/sec was measured, 


1.¢. 190 impacts/m*/sec. It was also reported that 


3] 


dis- 


on rockets using similar instrumentation. 


impacts/m*sec was 


measured he wide 


agreement of influx ‘ven greate! 


Russian 


by the reported sensitivity of the 


microphone system; the instrument 
measure impacts of momentum ies 


cm 
ol 


sec, as compared to the limiting 


sensitivity 


the microphone 


vehicles. Unfortunately 


methods of calibration 


Russians has not 


een n 
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put into the same form as definition (1) by the 
assumption of an average density and geocentric 
velocity for the observed particles. The minimum 


detectable particle probably has a mass of 


lO-' @ 


greater than 


If it is assumed that the distribution of particle 


masses impacting on Pioneer | and Explorer | 
follow the same 


ol 


orm 


as definition (1) the values 


and a can be determined from the measure- 


are shown in Table 3 wit! 


| 


teor and 


Lic 


zodiaca 


extrapolated i 
nat there would 


distributi 








COMPARISON OF METEOR 

ZODIACAL LIGHT AND IMPAC 
MEASUREMENTS 

It 


which 


has been established 
meteors of msé 


iss /)l 


Earth’s atmosphere follows the relationship 


\ 10 (1) 


From the paper of Hawkins an 
that 


1 Upton it 


IS 


assumed the minimum detectable meteor 


has a mass greater than 10-* g 
From 


observations of the 


and the zodiacal light a relationship of the type 


corona “F’’ light 


has been found”) for the mean concentration 


n of particles of radius r or larger. This can be 


istribution f« 
uld still be 


proximately one thousand 


Sul 


one particular mass 


r ly here » 1 e ment 
prisingly there be poorer agreement 


between the impact observations and the zodiaca 


light observations of similar size particles, that 


between the impact observations of smal 


particles and extrapolation from observations 


of larger particles, meteors 


CONCLUSIONS 


Measurements American rockets 


10 


Irom 


and 


satellites indicate that particles/m* sec 1s 


the order of magnitude of flux into the Earth’s 
atmosphere of extra-terrestrial particles several 


microns in size. There are a indications of 


SO 
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shower periods. The mass distribution of the Speed Particles with Solids and Gases, Ai Force 
Cambridge Research Center Contract TR 59-219 
ASTIA Document No. AD-210-935 
distribution observed for meteors but isin poo! M. Dupin. Meteoritic Dust Measured From Explorer! 
agreement with the mass distribution for to be published 
H. E. LaGow, D. H. SCHAEFER and SCHAFFER 
Vicrometeorite Impact Measurements on a in 
from zodiacal light measurements Diamete there at 700 to 2500 Kilometers Altitude 
Rocket and Satellite Sym 


le Con Spe i {nnee 


particles appears to be similar to the mass 


particles in interplanetary space as determined 


July-August 
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DEDUCTION OF VERTICAL THERMAL STRUCTURE OF A 
PLANETARY ATMOSPHERE FROM A SATELLITE* 


Abstract 


itmos 


Il. THEORY AND APPROXIMATIONS 


raqiation ntensity emitted by a 
iS not uniforn 


eflect arises tr temperature 


in the photosphe WI Is W 


radius. The riation from 


to 


ISK Can De 
the thermal g nto © PHOLos 
In principle echnique cal 


probe thermally emission Sf 


planetary ati 
radiation 
therefore 
toring the 


atmosphere by means of limb-darken 


taken by an orbiting space vehicle 


In order to learn the limitations of the 1 


L 


an attempt is made herein to deduce tl 


L 


structure of the 


atmospheric ozone layer sole! 


1 
These consist 


from ground observations 
radiation intensity measurements at the center 


of the 9-6 ozone emission band 


varying zenith angles. Our experimental data 


given in Table |. are careful measurements made 


by Adel®> at the Atmospheric Research Ob- ' 
: is the . Intensity a unction Of wa 
servatory, Flagstaff, Arizona 
number < implicitly through the 


optical 
depth, of teinperature. The intensity variation 
This work has been supported by tl i orce 
Deftitie Stillen Dixislon wate Gonteodt with angle is an indication of the departure of 
(647)-269 


the atmosphere from an isothermal state. The 





' ) 
equatiol 


> 
\< 


e Lagrangian interpolation formula 


ly a fourth degree polynomial to the 
n each of the 
manner the 


for 


-infinite 

e assumed in equa 

equation (4) diverges 

ror sufficiently large 

The actual atmosphere is bounded 

howe V nh iS equivalent to the artifice ol 
assuming B (r) 0 for + greater than r,, the 


thickness of the atmosphere. This defect can be 
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corrected only by a formalism explicitly taking ensues in the stratosphere, followed eventually 


the finiteness of the atmosphere into account by a temperature decline to outer space 


Figures 1-4 are double plots of both the Quite disconcertingly, we e that Fig 
emissivities (plotted against ~) and ther e neg: -” tropopause temperat 
sions, the Planck intensities plotted as a funct wl g is oO mucl low. The 
of optical depth. Since the bk 


Varies monotonic 


ing an app 


IV. CRITIQUE AND CONCLUSIONS 


m tne 
physical 
were more 
fact that Ut 


and 60 fron 


ve this . lino he on «othe 
On the other hand. Figs. | and 4 have smoother Above I eve the coupling xsetweel ne 


tempe re and radiation field ypears, and 
polynomial fits to the observations. The shapes temperature and radiation field disappears, anc 


os . Oo lism be < | 1p sle 
of the curves are seen to be “meteorological ur formal ecomes inapplicable 
One notes the rapid temperature decrease in (2) Neglect of Earth’s curvature. For the 


the thin tropopause height. Thence an increase ozonosphere this is a small correction term 
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The effect becomes large for satellites hundreds circularly and averaged about a constant zenith 


This would eliminate the spurious humps 


planetary surface, but angle 


of kilometers above a 
‘r degree polynomial fit, give equal 


nt : ighe 


ly be taken into accou 


ith angles and tend to iron out 
nhnomogeneities 

promise 

This is 


TOSS issump- 
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probing applicat VODARO 


desiderata 


emiss 


incremen 





THERMAL IMPACT—THE 


OF SOLIDS TO EXTREME 
J. E. 


Structure d Dy 


Abstract 


yw inte 


I. INTRODUCTION 

A.1.C.B.M 
ith the kill-eflectiveness 
This 


problem is being pursued with great vigor from 


In connection with the problem 


are studies concerned w 


of a thermo nuclear explosion in space 


the standpoint of determining the characteristics 
of the vacuum explosion and of observing the 


mode of failure of materials subjected to intense 


stress (or shock) waves. More recently, interest 


has grown toward obtaining a better under 


standing of the actual mechanism by whicl 


stress waves are induced in a solid, subje 


only to a radiant heating pulse of great magni- 
tude, and to the development of an experimental 


which can reproduce the phenomenon 


facility 
in the laboratory 
If the 


considered. 


debris of explosion products 


the energy transferred to 


cepting object from the vacuum explosion 


entirely in the form of electromagnetic waves 
and 


the surface 


heat. If 


This energy is absorbed into 


converted into sensible the object ts 


sufficiently close to the explosion, a thin surface 


layer of material is instantly vaporized and 


accelerated away. The resulting reactive force 


produces a stress wave which then propagates 
through the solid causing catastrophic damage 
by spallation fracture. For a more distant 
explosion, the heated surface may not vaporize 
or even melt, but due to its sudden expansion, 
may still induce a stress wave of damaging 


magnitude in the solid. This paper is concerned 
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MECHANICAL RESPONSE 


ELECTROMAGNETIC RADIATION 


MICHAELS 


rosciences Laboratory Miss 


| tter ' . lL, »2 the . | 
1) this latter case and treats both the theoretical! 


and experimental aspects of this phenomenon 


which 1s called thermal impact 


il. THEORETICAI 


; 


ANALYSIS 


have examined the 


from suddenly heat- 


transient stresse 


solid. However, solutions 


inf 
suriace oO 


have usually beer the maximum 


restricte to 


heating rates that could be expected by ordinary 


conduction and convection of heat to sur 


face. For the radi transfer of energy. heating 
rates ol 


since 


mucn 


magnitudes can occu! 


shorter wave lengths of radiant energy 


are usually with greater intensities 


associated 


and can penetrate into the surface somewhat 


before being absorbed, the actual temperature 
response of the solid ts of 


utmost importance 


An analysis which permits complete flexibility 
in this respect was performed by the writer 
and is briefly summarized here 


The 


dimension 


ordinary wave equation written in one 


with the thermo-elastic term as the 


driving function ts 


(1) 


The temperature 7(.x,7) is a completely arbitrary 


function of time and x-space. Thus, any law of 


energy transfer into the solid may be utilized 
Equation (1) 


is applicable to longitudinal 


waves in a slender bar only if the effective wave 
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lengths are long in comparison to the transverse 


dimensions of the bar. Then the effect of lateral 


inertia and shear may be neglected. Since this 


depends upon the temperature distribution 


function involved, a particular result must be 


examined for its applicability to this analysis 


Consider a semi-infinite bar extending 


\ U 1 \ ne S assumed to De 


disturbed from its equilibrium positior 


{ Q stress fre 


with the end a 


initial and boun condit 


In 


Tio 


Using the method of integral transforms 
general solution to equation (1) subject to 


conditions of (2), (3) and (4) may be shown t 
cos(éx) | sin | 


)sin (Ex) dx do 


17 xo 


consider the temperature 


As an 


function 


example, 


T (x,7 ar exp (—bD (6) 
are constants. The function was 


ow tor some law ol energy | 
o the solid as well as the ordinary 
yn thru the solid The 


Ti x ) detined by 


(-£aa/bc) versus hx 
hich shows the shape of the stress wave as it 
along the bar. The 


S induced and propagated 


maximum stress occurs when x and 
approaches a limiting value as 7 j 


A relation 


magnitude of induced stresses obtained for this 


between heating rates and the 


example show that about 5000 W/cm®* will in- 


duce a stress of | psi in aluminum. This indicates 


that heating rates of the order of 10° W/cm? 
aluminum 


may induce damaging stresses in 
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In this example the heating rate is the most 


important parameter: not the duration of the 
pulse nor the total energy deposited. One must 
be cautious in interpreting these results, how- 
ever, since the magnitude of induced stresses is 
tem- 


undoubtedly very sensitive to the actual 


perature response of the bar 


RESULTS 


impact 


EXPERIMENTAI 


thermal 


In 


FIRST 


order observe the 


to 
laboratory experiment 


light 


phenomenon a simple 


consisted essentially of a 


was devised. It 


CONDENSER 


source of high intensity. a lens system to gather 


and focus the light, and a / in. diameter alu- 


s{tlo A schematic drawing 


no 


minum rod about 
of this experiment is shown in Fig. 2 

The light source utilized an underwater ex- 
ploding wire spark to produce a radiant pulse 
which was focused on one end of the aluminum 


rod. At the other end of the rod a piezo-electric 


crystal was attached with its output connected 


to an oscilloscope equipped with a recording 


camera. The oscilloscope sweep was triggered 
by a photo-cell actuated by stray light from the 
spark. The intensity of the radiant flux hitting 
the rod was measured by a photo-cell showing a 
50 usec pulse with a maximum flux of about 
600 W/cm? 

The exploding wire spark was powered by 
the discharge of a capacitor of 5 uF capacitance 
To produce a 


the 


charged to a potential of 20 kV 


spark of great intensity, the resistance of 
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spark gap must dominate the discharge circuit 
The resistance of an ordinary spark in air drops 
to a very low value once the conducting path or 


spark has been initiated. Maintaining a high 


resistance during the complete discharge of the 
stored energy is most easily accomplished by 
confinement of the spark path; hence the under 
water spark which confines the conducting 
plasma by virtue of the inertia of the surrounding 
wate! 

records 


[he 


Snows two oscilloscope 


Figure 3 


which were obtained from this experiment 


DOUBLE TRANSIT 
TIME FOR ROD 


THERMALLY INDUCED STRESS WAVE 


ARRIVAL OF 
SOUND WAVE 


LIGHT SHIELDED FROM ROD 


Fig. 3. Oscilloscope records of thermally induced 
(Horizontal sweep 200 usec per division.) 


stress waves 
main sweep was influenced by an electrical bias 
the spark by 
Since a current surge 


picked up from inadequately 


shielded instrumentation 


of thousands of amperes occurs during the 
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discharge cycle, ordinary shielding methods are 


insufficient and considerable effort and cost are 


required to eliminate this problem. However, 


stress waves merely appeared 


the induced 
superimposed on this bias such that no improve- 
ment in shielding was deemed necessary for the 
purpose of this experiment 


Ihe upper record of Fig. 3 shows the induced 


stress Waves super imposed on the aforementioned 


bias. The time between waves is that required 


for a wave to be reflected to the front end of the 


| | ese Waves 


rod and back again to the crystal 


represent a stress magnitude of about 0-01 ps 


observed in this test were those 


very audible sound waves of the switcl 


of the discharge spark circuit and their arrival 


; 


time corresponds to the distance that the switcl 


was located wit! respect to the end of the rod 


No attempt was made to optimize this exper 


ment. Its purpose was merely to demonstrate 


the thermal impact phenomenon in the labora 


tory. To the writer's knowledge these are the first 


; 


experimental results that have been obtained 


which demonstrate the existence of thermally 


induced stress waves 


IV. THE THERMAL IMPACT FACILITY 


The rather simple experiment described above 


not only verifies the thermal impact pheno- 


MICHAELS 


menon but it also suggests an excellent means 
by which it can be studied in the laboratory; 
that of using the intense radiant energy from an 


exploding wire spark. A comparison between 


experiment and theory of the heating rates 


required for unit stress indicates about an order 


of magnitude difference. Since the temperature 


distribution function at the critical rod end for 


the experiment was not determined, this result 


IS not too surprising. Indeed, one could be 


quite satisfied with this correlation. The obvious 


an experimental facility de- 


conclusion 1s that 


-_ » the ’ 
signed to study the thermal! 


mpact phenomenon 


energy 
ly high 
stress waves are the 


energy 


observed, the 


no appreciable mech- 


anica C whi would interfere with the 


thermall 


The SI t an timized thermal impact 


facility patterned after the experiment 


Was 


described previously. A schematic diagram is 


shown in Fig. 4. It essentially of the 


CONSISIS 


same elements of the simple experiment, an 


exploding wire energy source and a mirror 


system to collect and focus the energy on the end 


of a bar specimen 


To power the exploding wire spark, twelve 


low inductance capacitors, each rated at one 


microfarad capacitance are used. The capacitors 


are divided into two banks of six in parallel, 
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the banks series. When 
charged to 80 kV d.c. (total across both banks) 


9600 J 


with connected in 


The design 
10-* H 


which gives a ringing frequency of about | Mc/s 


the total energy stored is 


inductance of the total circuit is below 


If the circuit were critically damped (which, of 


course depends upon the resistance of the 


Fig. 5. Capacitor bank and copper conductor 


exploding wire load). it would dissipate all of 


the stored energy in about one microsecond 


The maximum power (rate of energy dissipation) 
10’? W 


The extreme low circuit inductance ts obtained 


for this case would be about 


through the use of large flat copper plates for 


the electrical conductors and a switch and 


Fig. 5 


exploding wire load of coaxial design 
shows the general arrangement of the capacitor 


banks and the copper conductor plates. The 


an 
to 


plates are coated with polyethylene (as 


efficient dielectric) and clamped together 


minimize inductance 

The switch, which is not visible but is mounted 
directly below the upright section shown, is of 
the vacuum type and consists of two tungsten 
An electrical 


electrodes about | in. in diameter 


solenoid actuates the switch by plunging the 


electrodes close together and allowing a spark 
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to jump the small remaining gap with a minimum 
of resistance to the total circuit 

Ihe exploding wire load is contained in a 
cartridge mounted at the top of the plates which 
bank 


6U if 


neck upward from the capacitor for 


ol 
‘ 


A close-up view Ol 


positioning at the focal point the 


parabolic collector mirror 


pilates 


this cartridge is shown in Fig. 6. The cartridge 


is open on the side facing the mirror such that 


the full 120° acceptance angle of the mirror is 


+ 


utilized. A fine tungsten wire, 2 mils in diameter 


and } in. long, connects between the electrodes 


and initiates the main spark path. Proper 


positioning of the spark at the exact focal point 
of 


mounting the entire capacitor bank and discharge 


the collector mirror is made possible by 


circuit assembly on a milling machine table 
which is adjustable in three dimensions 

Figure 7 shows a general view of the facility 
in which the collector mirror (on the right) 1s 
set back to show the capacitor bank and table 
Visible on the extreme right of the picture is the 
power supply used to charge the capacitor bank 
The parabolic mirrors are mounted on overhead 
alignment and access 


bank table 


beams to permit easy 


beneath for the capacitor and 
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assembly. In normal position, the collector the necked portion of the conductor plates 


mirror ts directly over the capacitor bank with fitting thru the slot cut in the rim of the 
mirror frame. In this position the exploding wire 
spark is at the focal point of the collector mirror 
At the al pou y the ther mirror is 
mounted tl nted ccimen (not shown 
in the pictu Ul nirror arrangement 
gives a | nag ato, a | m. diameter 
specimen | ual ) Mat neti will be 
used. A cylindrical shroud con ng the two 
olume 

which \ of air an d with 
helium at ghtl reater tha atmospheric 
horter 


orbed 
vork 


nenon 


not 


Fig. 7. General view of thermal impact facility 
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required. Assuming that the spark plasma is Nomenclature 


about 0-05 in. in diameter (at the tme of its 
a constant ( | 


’ 


maximum temperature) gives a radial 
f 0-5 cm*. For a maximum rate 
pation in the spark equal to 10 


an emissivity ot ) 


100 OOO K 
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Abstract 


lL. INTRODUCTION 


of the existence 
Much of th 

evidence 
In 


theory. it 


| 
) 


(such nature 


as Sslical 


such problems ithout “ar physica 


is extremely difficult assess tne 


Statistical significance of the 


pletely unambiguous fashion 


The suggestion has been made that a theoretical 


study, proceeding from basic physical principles 


and based upon a model which makes use of 


recent knowledge of atmospheric dynamics and 


of solar energy variations, might prove to be 


definitive in establishing not only the existence 


of solar effects on the weather but also in 


establishing the physical processes by which 


such effects are produced This study attempts 


to carry out the above suggestion within the 


FOR 
TRANSFER OI 


UPPER ATMOSPHERIC 


INVESTIGATION OF THI 
ENERGY INTRODUCED 
HEATING 


RALPH 
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SHAPIRO 
R 


and 


nt stauls- 


CLC 


1 substantial 


presentec 


% the surtace-pressure 


sudden, large increases 


solar perturbation 


The 


assumed to be a large increase in 


radiation which would have a direct 


primarily at high 


The 


be too small to have 


atmosphere 


auroral zone actual energy 


iS Telit any measur- 


, t 
nputl 


able direct eff at lower atmospheric levels 


ect 


The model attempts to reproduce this situation 


by maintaining the energy input within reason- 


able bounds. Consequently, any response by 


lower atmospheric levels must be accomplished 
by 


means of a redistribution of existing atmo- 


spheric potential or kinetic energy 


il. 
A. Basic Equations 
The 


hydrostatic 


THE MODEI 


model atmosphere is assumed to be 


frictionless 


the 


in and 


The 
434 


equilibrium 


motions are ageostrophic; however 
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geostrophic departures are primarily rotational 


The relative vorticity is neglected in the diver- 


gence term of the vorticity equation, and the 
twisting and vertical vorticity advection terms 
are omitted. These latter assumptions are not 
necessary, and are made only for computational! 
convenience at this point 

In the (x, y.p.1) system, our basic equations are 


, 
Vorticity Equation 


Kx 


Here \ S l hori 
w dp/dt / tel 
Coriolis 
K-Vx¥ f 


WY potential 


Zonta 


ature 


y 
pel 


eter absolute vorticity 


paran 
Stability ] 


temperature Stream tunc- 


tion; ¢ specific heat at constant pressure 


dg = heat added per unit mass: 0 


temperature change due to the addition of heat 


(x.y.p) are the horizontal and vertical co- 


rectangular right-handed co- 


ordinates of a 


ordinate System; p pressure; time: R ts 
the gas constant 
This is a system of five equations in the five 


T. nn, w. it 


the stream function 


unknowns V. has been assumed 
that 


Static equation, and also that Q is known 


satisfies the hydro- 


Since 


PPER ATMOSPHERIC 


HEATING 


where ¢ = gz 1s the geopotential; g = accelera- 


tion of gravity geometrical height 


due to the hydrostatic law 


assumption (3) implies that 


B. Modelling Approximations 


In principle, it is possible to apply the systen 


ft equations (1)-(5) inclusive at number 


since 


any 
in order to the problem 


equation becomes a second 
tial differential equation tn ¢ fit 

the computational point of view to 

void solving the tem ol equations al 
possible to simplity the m- 
yutations by certain modelling approxi- 
mations vertical constraints upon the 
> one modelling assump- 
is assumed that the 


tatic stability know! 


where the mean fa quantity X 1s det 


hy 


\ dy 


and Pp, 1000 mb, « 0-1 mb. 


()- 288 


From equation (7), it 1s seen that 


T(x,y.t) (x,y.1) p dp + p*g(x, 


| Fp 


where g(x.y,1) is an arbitrary function 
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If the bar operator (8) is applied to equation — vorticity at all levels, and this will in turn affect 


(9) and the result subtracted from (9) the horizontal wind, which affects the horizontal 


Bop)Tix.y.t) (19) t€mperature advection 


From equation (3) we see 





C. Derivation of Final Equations 


i convenience, we introduce a 


R71 


Thermodynam 


the mean teve 


of 7 and 
into equations (2), (3), (20) and (21). If we now 


apply the bar operator to equation (1) apply 


L 


equation (2) at p = p, and p e, and introduce 


; equations (20) and (21). we obtain 
then there is no need to solve for in order to 


predict the temperature changes at various 
levels. This is not to say, however, that interior 
vertical motions do not contribute to tempera- 
ture changes. It may be seen from equation (1) 
after substituting from equation (4), that internal 


vertical motion and divergence will affect the 
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possible oO so 
btain W 


The 
Se 


J/(e) are to be 


iterate in tn ne 


known 
lle) 


deta! 


assumed tha s 
I, J, TJ). Lipo). Jl po) 
determined empirically. A discussion 
of these coefficients ts 


The 


vorticity ¢ 


_ 
vorticity equation (2 


i the motion may be changed 


mean 


not only by advection of mean absolute vorticity 


by the mean wind (i.e. the barotropic term), but 


baroclinic “development” terms. These 


ol 


also by 


are, advection thermal vorticity at 1 


surfaces / p,. € by the thermal winds 


p advection of thermal 


by the thermal winds at p é 


p , ¢ 


respectively. Thus the extent to which upper 


1 


level heating will influence the mean motion will 


depend mainly upon the magnitude of the 


horizontal temperature gradients which are 


established by the heating 


(24) and (2 


temperature al p Po 


The temperature equations 


simply state that the 


changes only by horizontal advection, while the 


temperature at p « is governed by horizontal 


advection and heating. The second Jacobian on 
the right side of each equation arises because 


we have allowed |/fto vary in the definition (22) 


ATMOSPHERIC HEATING 


of 7. We note that, even though no heating takes 


at p Po, the temperature at 


that the 


Tr 


indirect effects of upper heating are felt in the 


place directly 
p e enters in this equation, so 
Surface temperature equation. A similar indirect 
effect occurs in the vorticity equation 


The 


conditions 


that have used the bout 


(14) 


fact we 
together tne 
formulation enabled 

requ res 


Hi 


compute tl 


derive a prediction 


explicit knowled; vertical motion 


able to 
second 
ual 


diffe eq 


derived by combining the vorticity equatior 


the Fi Li 


' 
model 


iw of Thermodynamics. For 


algebraic equation for 


equation 
OUSIY 
ution 


rticity 


Therefore 


(V-\ 
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iMOoOwWinY 


ne temperature al 


s constant initially. It 1s then assumed that 


asymmetrical heating takes place statically, and 


that the motion itself is not aflected for a finite 


period of time while the temperature ts changed 


() 


take 


source Is 


Such allowed to place lor 


24 hi 


heating 1s 


and then the heat removed 


and RALPH SHAPIRO 


Subsequent temperature changes are governed 
New 


temperature 


by equation (25) with OQ, 0 values of 


Ie) 


distribution are necessary 


Je) in terms of the new 


and all of the other 
coefficients will have new values as well 
Statement of the 


A complete prognostic 


problem is 


HEATING FUNCTION 


\ ) iS constructed 


the temperature change 


(YQ) varies linearly from O at 


«e and then de 


te of temperature change due 
«, see equation (3). It can be 


(34) 


average value of O in the layer 0 p 2é 


‘n from that QO, 1s twice the 


equation 


Since the density varies non-linearly with 
the shape of the heating function (gq) ts similar 
that given in Fig. | 
iat follows, we shall specify the heating 
function over the entire region of integration 
which is taken to be that portion of the northern 


N latitude 


hemisphere contained within the 30 
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The 30 


southern boundary of the region for the follow- 


circle latitude circle is chosen as the 


ing reasons inasmuch as we are attempting Lo 


simulate the effects of auroral heating. we wish 


to confine ourselves to those which 


regions in 
auroral activity 1s g1 
N) Howevel 


farther south 


eatest (1.¢c. in 


60 Occasional AUTE 


mucl 


W ¢ 


equation (33) 


need to determine Q, in ordet solve 


Io do this, we assume 


heat over the entire 


10 


average input region 


known, and is equal to 1-570 ‘ cal cm 
min”? 


This rate of heating is a conservative estimate 


based upon an intensity of solar corpuscular 


emission consistent with observed auroral 
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phenomena 


the normal solar heating over 


was obtained by assuming a rate of heat 


q 


lOO ki wid 


change due to heating at each point 


€ 1S given by 


0-535 10-° / (x.y) deg sec (35) 


(x.y) is the distribution of auroral fre- 


The OAXx,y) 


where 


quencies function is shown in 


Fig 


Fig. | is a schematic diagram showing typical 


It corresponds to about 1/10,000 of 
the region and 
input 
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IV. THE INITIAL CONDITIONS 


poundal 


at 
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then integration of equation (36) gives and will be discussed in greater deta 


section 


SOU) 


V. THE COEFFICIENTS OF THE EQUATIONS 


It is necessary to determine the coefficients 


prognostic 


Let us define 


?-Q&9 
1-458 sin " 
After heating takes place +r, 1s governed by a 
. of average January temperature wit! 
different relationship according to equation (33) height 
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the finite 


iv 


rap ary 


According to equation (20) e function J 
which describes the effect of the thermal wind 


I 


is rather small 
ns describing variation of model wind 


at/ € on winds at lower levels 
about 150 mb, and only becomes quite 


the very top of the 


t 
ct 


up to 
ymminatingly large neat and vorticity with height 


uit 
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atmosphere. /, on the other hand, has a reason- 
ably large effect at all levels except from about 
350-550 mb small 


where both functions are 


This implies that, in this region, the wind is 


approximately given by the mean wind 


VI. METHOD OF SOLUTION 
Ihe finite-difference form of the system 
(24), (25a) is being programmed for 
the IBM 704 computer. The 30 


IS approximated by 


latitude ¢ 
a regular octagon extern: 
tangent to tl 30° latitude circle on a 
stereographic projection. The region 
divided up into a mesh containing 17 
spaced grid points (see | 


Ihe computations 


nannel 


Evaluate 
equation 
Solve tl 


5 
LIONS (. 


after the first time step. Forward diffe 


used for the 


formulas are 


Repeat 


Step (a) ior ; nan ime | as desired 


In order to avoid computational instability it 
is necessary in this problem to use J/ 40 
minutes [his allows for maximum winds up 
[he vertical motion w will 


900. 700. 500. 300. 100 mb 


to about 70 m sec 
be computed at p 


every few time steps, from the finite-difference 


analogue of equation (32) 


In order to have some further control over 


the stability of the computations, it is planned 
to compute the total (potential plus kinetic plus 
internal) energy change per unit time over the 
The 


system conserves energy, and it is desirable to 


volume under consideration differential 
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HEATING 


preserve this constraint in the finite-difference 


system. The boundary conditions are such as t 


permit no inflow o1 outflow of energy throug! 


the walls of the system 

The preceding discussion applies 
modification to the predictions 
case. The only difference will be in 
In the heating case, the +, distribution will be 


that 


corresponding to the original constant 
temperature fheid 


24 hr 


heating function descr 


heating for 


] 


Calculations w 


without the 
perturbations 
sphere | 


rences in the amplitudes ol 


be studied T} 


perturbatior ie heating and 1 
f the effe 


measure oO ne Criec 


that truncation erro! 
nany time steps have elapsed 
should be almos 


ation error 


the heating and no-heating 
the computations remal 
truncation e! 


ii 
. 


lerences 1 error may be ne: 


so that we will 1 be studying 


We shall 


change ol ‘tential and kinetic 


1 
alisSO 


to compute 


enerey 


t will be possible to com 


point, so that 


I propagation downward 


ate of energy 


Vil. FUTURE PLANS 


ont experiment, we nave 


taken 


initial heating function that which might 


a short time period after the outbreak of 


eXIsl 


corpuscular radiation, 1.e. we have allowed the 
energy which entered the atmosphere within 
narrow ring to be diffused in such a manner that 
the total energy remained constant and was 
distributed in proportion to area 

In our next experiment, we plan to start the 
intense con- 


integrations at the moment the 


centration of radiation reaches auroral level, so 
that the energy per unit area within a narrow 
ring will be very high. We then plan to follow 
this energy down by means of transport equations 


which permit fine resolution in the vertical 





RALPH SHAPIRO 


LOUIS BERKOFSKY and 


MURGATROYD, Quart Soc. 83 


REFERENCES 
NuPpen and M. KaGeorGce. Bibliography on Solar 
er Relationships in Veteoro St 
Bibliography American Meteorologica 
AF 19(604)-2062 (1958) 
’ ni np 34 (seop!l 


J. Mer. 13, 335 (1956) 
dge Research 


I Me 1959 


{stra ». F. A. Berry, Jr.. E. Bottay and N. R. Beers, p. 949 
Societ n Handbook ology, McGraw-H New York 


VSICS 


NEUMAN® 


.45 
44 ss ( or 


T. F. MALONE), A 
Mass. (195 





RECENT INFORMATION GAINED FROM SATELLITE 
ORIENTATION MEASUREMENT 
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tic M ile Agency 
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Abstract M 
varatively 

f body 

evaluate certall 
This papel 
hich sugge 


rents whic 


INTRODL ¢ 


The problem ol 


TION 
determining U 
orientation of a satellite becomes quite in 
in evaluating the data received. Since 
of most experiments that have been 
flown depend on the direction in which a parti 


cular detector is looking at a particular time, a 


correct evaluation ol uch data can be obtained 
only if the spatial orientation of the detector 1s 


known. This is radiation 


particul: ri | 
experiments or any other experiments where the 
object to be measured has a preferred direction 


For 


load, the orientation with respect to the Sun will 


in space the case of an asymmetrical pay 


strongly affect the temperature of the interior 


Also, the orientation with respect to the velocity 


vector will lifetime and atmospheric 


density measurements. If we assume that the 


satellite was spun before injection into orbit 


case of the Explorers, one 


such as in the 


would certainly expect, through conservation of 


angular momentum, that the spin vector would 


remain in a space-fixed direction. Any deviation 


from this direction indicates the presence of 


some disturbing torques. Thus, by analysing the 
change of orientation of a satellite, we can get 
some idea of the torques 


acting upon it 


| have chosen for my subject, Explorer IV, 


* Now 
Space Flight Center 


Marshall 


Research Projects Division 


NASA, Huntsville, Ala 


with 


the reasons being: (1) Many field strengt! 


ings [rom vario 
. , 
(2) a complete ephemer! 


Astrop! 
from the Van 


ie Smithsonian ysical 

1 radiation data 

Argus C lect 

(4) an 
i 


could Dé ] I ( 


were obtained from t 


satellite interesting temperature anoma 
which 
| 


noted 


rientation changes was 


TRANSITION 
Since we 


rO FLAT SPIN 
Explorer I\ 


be ‘Il to mention the transition to flat 


dealing wit! 
would 
spin which is common to all the early Explorer 


As may 


initially 


satellites be seen in Fig. |, the satellite 


was spun about its long axis which 


an axis of least moment of inertia. If 


any per 


turbing forces act, the satellite will begin t 


precess about the angular momentum vector 


The precessing frequency can be found by means 
given by the 


of a Poinsot construction. and is 


total angular momentum divided by the max 


mum moment of inertia. If angular momentum 


is a constant of the motion, then the precessing 
frequency is also a constant of the motion and 
is given by the ratio of the minimum to maximum 


For 
Explorer IV, the moment of inertia ratio was 


moments of inertia times the initial spin 


1/84; the initial spin was 12 c/s. Therefore, the 
precessing period should be 7 sec. This is the 


same as the observed period, which was deduced 
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rom held strength recordings 

. 

evidence (Fig. 2). Since the pavioad a driven 
, 

photograph was 20-6 sec, and tuses a loss of 


EXPLORER IV - SHOWING TUMBLING 
PHOTOGRAPHED BY SMITHSONIAN 





























CAMERA: SC-IO JUPITER. FLA 
TIME: OCT.13 UT. O*49" 445 


—— EXPOSURE. 20.6 SEC 


Since no dissipative torques have acted 


bright flashes can be seen, we conclude that the — energy 


satellite has made 24 cycles in 20 sec, or about on the system, which follows from the fact that 


| cycle each 7 sec. This shows that, even after the tumble frequency remains constant, /w must 


3 months, the magnitude of the angular momen- __ be conserved while /w* is not. If energy is to be 


tum has been conserved lost at the expense of w, then / must increase, 
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and the body 
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aXIS OF greatel 
an opening 

the amplitude 
results in an evel 
the opening angle 


to zero and the dr 


ng angle 


normal to 
Fig. 3 
roll 


from which 


satellite is rotating in a plane 


original angular momentum vector 


shows the roll decay. measured from the 


modulation of radiation count rate. 


the opening angle versus time may be calculated 


Shows that the angle approaches 90 


Fig. 4 


quite rapidly after a few days 


AFTER 


ORIENTATION MEASUREMENT 


EVIDENCE FOR CHANGE IN ORIENTATION 


lf there are no external torques, the plane 
ave the same orientatio1 
a a L 


vives evidence to the contrary 


snoddy since the 


therma 


LAUNCH 


Exe 


of the orbit with respect to the Sun (whicl 


determines percentage of time spent in sunlight) 


are fairly well known, it is possible to construct 


theoretical temperature curves for a body with 
various percentages of its area presented to the 
Sun 


Explorer I\ 


5 shows such curves with a plot of 


This 


Fig 


temperatures superimposed 
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nat the projected area that the precession 1s not constant in magnitude 
- As Stated 


aged projected 


the measurements are 


to around 10 


accurate but the 


external torques is still evident to a 


not be explained by measuring 


nature 
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Straightforward 1f 
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The problem then becomes that of measuring 
find & 


It should be pointed out that 


and using equation (1) to 


indicator. which will measure 
respect to 
heid 


on 


solar 


nagnitude 

ne of sight R 
» describe 
The 


and the semiminor 


iongitudina 
the 7 


an ellipse in 


will be ‘seen’ vu rver t 


space as the satellite tumbles 


semimajor axis will be i 
axis will be i 


If the 


COS t 


uses a circularly pola 


the 


receiver 


antenna, the ratio of minimum to 


maximum field strength may be measured 


rauio 1s 


the look angle may be 


However, by using separate 


In this manner, 


measured directly 
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and vertically polarized antennas 


horizontally 
information may be obtained. A typical 


more 
e two signals may 


This 


observed 


nown 

sed ig. & 

w the 

litude of the #7 signal 
ven by point / 

when the #/ signal 

The ratio of E, to &, 

the dB difference 

{ the 

milar 


with 


na 


determine the 


l , Ppro- 


tio of semiminor 
axis which determines cos : 


s calculation, a modified pro- 
incare sphere may be employed. © 


Ihe dB ratio of 


be entered on the horizontal axis and 


hows such a chart 

E. may 
E./E, on the vertical axis. In this manner 
Using the overlay (Fig. 9(b)), 


may 


point 
Mf may be found 
the look angle & and polarization angle 
be read directly. It should be pointed out that 
the angle § is not just an effect of the orientation 
of the plane of tumble with respect to the plane 
of the but Faraday 


rotation. By determining the space-fixed orienta- 


antenna, also includes 


tion of the plane of rotation from equation (1), 
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Figure 11 shows the rate change of period the tumbling motion, any aerodynamic torques 
resulting from drag forces during the transmitter would appear to time average out with little 
lifetime. as determined by Smithsonian Astro- no net effect. The gradient of the eravi 
physical Observatory.’ Along with this plot is field can give rise to torques of th 
the calculated area presented to the perigee dyne-cn 
velocity vector av be that the drag about 100 
forces essentially 

Additional work 
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tion count 
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obser ved 
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1956 Mode t the curves cross and above 
model ts higher altitude 
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" ri s the absolute temperature 
of 12 and at 660 km the factor ts 24. The density ' 
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» sea-level value : lecuk 
* Now ; Geophysics Corporation of America is the sea-level value of the molecular 
Bedford, Massachusetts weight 
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scale temperature 


terms of H/ 


Thus 


CONSISIS < 


With 74, given in this form 


by the equation 
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p, exponential | 


GM JH H,) 
R*( 7 yy) 


Ly 


ARD¢ 


MODEI 


ATMOSPHERE, 1959 


MV, dZ 
VM dH 


aititude can be approximated 


Z 
(Z/R) 
where 
g, is the sea-level value of the acceleration 
of gravity, and 
R is the effective radius of the Earth (taken 


as 6356°766 km). Ref. |, appendix M 
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Then the expression for B can be written as of the kinetic temperature curve is given by 
equation (5), and at 600 km both A and B are 
imately equal to two 
2a shows’ three’ molecular-scale 
each h different slopes 
yielding the same density at 


s isothermal at 








om 


~ S’anOar 


voe 


yield nearly the same densities 
$00 2000 2800 “OD 0 MO below 700 km The greatest difference between 
MALOAAT- SCALE TEMPERATURE 1 x these densities 1s about a factor of 3 which is 


comparable to the errors in the satellite density 
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data. Hence, any one of these functions could 
be considered as a suitable fit to the data between 
700 km If 
extended to 1000 km 

differ 
middle curve 


Model 


mean molecular weight 


150 three 


Models | and III 


nearly 30 he 


and these 
how evel 
in density by a 


Model Il 
Atmosphere 


factor ol 
gives the density for the 


With 


1959 


curve (shown 


napman 


or the inetic 


S00 km. Such a 


above 


“ar extrapolation (taking 


OUU I a temperature 


altitude of about 4 Eartl 
igreement with estimates made 


” A 4°K/km for the 


kinetic temperature curve would require, accord- 


by Chapman slope of 


ing to the above analysis. a about 


lO K/km’ at 


temperature curve 


slope ol 


600 molecular-scale 


km for the 
Thus, it is possible that the 
slope should be greater than that used in the 


1959 ARDC Model 
should be remembered that the slope of 3-5 - K/km 


Atmosphere. However, it 


used for the molecular-scale temperature in the 


MODEI 


models are 


ATMOSPHERE 


1959 


1959 Model 


excellent 


lead density curve 


the available 


agreeme with 


altitudes between 600 kn 


Ill, MOLECULAR WEIGHI 


YW) km 


cuiggest tl 


90 and 200 km 


deduced rom rocket flights ota 


spectron 


are compared with the 1956 Mode 


5 However! morecula WCILTILS 


ve. wnen comoinec 


femner 


r-SCaic C iperal 


Ccula 


corresponding altitudes 


vielded 


perature with negative 


(d7/dH the 


Townsend's values of 


region just above 


V/ are based on 


ments which are probably much less 


than the various density data. Furthermore, the 


molecular-weight data above 180 km represent 


the results of only a single rocket flight, while at 
Accept- 
ing the molecular-weight data below 200 km 


dH 


leads to the molecular weight curve for the 1959 


lower altitudes there were three flights 


and keeping the restriction of d O then 
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e figure. The equation of specific heats of the gas 
smperatures and 


700 kn wit! 


densities 
reasonable 
ywwnin British units in Fig. 4 
ch is involved 

ion of the 


OC ular 


nt of 


yvicw 
apply up 
Above this altitude. where 


path 1s about 90 km, the properties 


atmosphere vary significantly over a 
IV. THE TRANSPORT PROPERTIES vel 


/ 


‘Tr Yer tT 


perties that will be 


one mean free path. From 
oO considered in t he point of view of interaction with a missile 


ISCOSITY All or other object 


the maximum altitude would be 
he somewhat lower, e.g. 100 km 
These properties are functions 


tl 


thermal conductivity, and where the free 
path is 0-2 m. When the free path ts not small 
molecular-scale temperature compared with the dimensions (e.g. of a missile), 
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Fig. 4. A: Kinetic temperature and molecular-scale temperature vs. altitude B: mean molecular weight vs 
altitude; C: pressure vs. altitude; D: mass density vs. altitude 
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B: mean particie speed vs titude; C: mean free path vs. altitude 


D: collision frequency vs. a 
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there will be slipping of gas at the surface and where a is a constant and c,, is the specific heat 


the apparent value of the viscosity will be at constant volume of the air. This is not in 


smaller. In addition, the apparent viscosity exactly the same form as equation (10), but bot! 
observed by a missile travelling at high velocity are approximations to the temperature depen- 
when the air flow is turbulent (for example neat dence of actual gases 

yr above Mach 1) ts a function of its velocit At low pressures, for which the mean free pat! 


The formula used for therma tivity e mpar 


tions trom 
the effects of chang 
and ionization 
titudes 


ynductis 
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possible to derive the conductivity of a partially 
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data hi 


ionized gas. It is interesting to note that in a 


gas 


containing 1ons, a temperature gradient sets up a is beer 
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L. POND 


figures, the major new data to be included in the 


Model 
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plotted in British units so that it 


Atmosphere the 


thermoelectric field which acts to reduce the should be of immediate value to design engineers 
flow of heat who require values of the properties of the 
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al and experimental bases of the 
ve been outlined. The limitations 
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theoretical formulae have been 


ssed. In addition, the regions 
ental data are most urgently 
en pointed out. Finally, it can be 
elieved that the data in the 1959 
illy more accurate, at higher 
t in 1956 Model but the 
h 1¢ Vard to more accurate 
e € to yield a still more 
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